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“O sähst du, voller Mondenschein, 
Zum letzenmal auf meine Pein, 
Den ich so manche Mitternacht 
An diesem Pult herangewacht: 
Dann über Büchern und Papier, 
Trübsel'ger Freund, erschienst du mir!“ 
Johann Wolfgang von Goethe 
Faust: Der Tragödie Erster Teil 
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there's a fundamental truth to our nature. Man must explore. And this is 
exploration at its greatest." 
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Abstract 
One of the most important questions in lunar science is whether there was a 
lunar cataclysm – a sudden increase in the impactor flux around 3.9 Ga. The 
absolute ages of basin-scale impacts are the key to answering this question. 
Crystalline impact melt rocks from the Apollo landing sites can hold vital 
information about the lunar cataclysm, as they were potentially produced by 
such basin-scale impacts. This study aims to constrain (1) the number and 
nature of impact events represented in the Apollo collection of melt rocks, (2) 
the chemical and isotopic signatures of the source regions and impactors, and 
(3) the processes involved in the formation of a set of Apollo impact melt rocks. 
To achieve this, I combine analyses of major and trace element chemistry, 
highly siderophile element abundances, and the 87Rb-87Sr and 147Sm-143Nd 
isotopic systems, with 40Ar/39Ar dating of 35 crystalline impact melt rocks from 
the Apollo 14, 16 and 17 landing sites. To produce a coherent data set and 
minimise intrasample compositional variations, the different analyses were all 
obtained on the same split of each sample. 
The chemical data and petrographic information show that the melt rocks likely 
represent multiple impact events, some of which produced craters (<300 km 
diameter), whereas others were basin-forming events (>300 km diameter). The 
40Ar/39Ar plateau ages obtained here reflect the crystallisation ages of the melt 
rocks, and thus offer a viable tool for dating the impacts that produced these 
deposits. Four different events (3950 ± 24 Ma, 3885 ± 8 Ma, 3815 ± 19 and Ma 
3644 ± 42 Ma) are resolved using 40Ar/39Ar plateau ages from the Apollo 16 
landing site, and one plateau age (3829 ± 15 Ma) is obtained for Apollo 14 
sample 14310. The combination of chemical, isotopic and age data provide a 
strong case for a dominance of melt rocks related to a single basin-forming 
event, most likely the Imbrium, at 3885 ± 8 Ma. The chemical and isotopic data 
from the Apollo 17 impact melt rocks are consistent with an origin of these 
samples in the same event. The melt rocks associated with the other four 
resolved events are likely derived from smaller craters. However, uncertainty 
about the nature of these events is greatest for the youngest and oldest events. 
These findings weaken the case for a lunar cataclysm, which requires multiple 
impact basins to form around 3.9 Ga. 
X 
The age and isotopic data confirm the notion that compositional variations 
within related groups of melt rocks are mainly the result of mixing of different 
lunar lithologies, reflecting heterogeneity in their crustal sources. However, in 
some cases the chemical and isotopic relationships might be better explained 
by igneous differentiation processes in an impact melt sheet. This study 
presents the first model that relates a set of impact-derived lunar whole rock 
compositions by an igneous process in an impact melt sheet. 
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1 
1. Introduction 
 
Even before the first men set foot on the Moon it was known from observations 
of the lunar crater record that there was a high flux of meteorites into the Earth-
Moon system after lunar crust formation (common only referred to as the Late 
Heavy Bombardment, LHB) and that this flux decreased rapidly before the 
formation of the lunar maria (Hartmann, 1965). Short after the first Apollo 
samples were brought back from the Moon, it was discovered that radiogenic 
isotopic systems of impact-derived rock samples predominantly record ages of 
about 3.9 Ga, which lead to the hypothesis of the ‘lunar cataclysm’, according to 
which the flux of impactors to the Moon increased sharply at around 3.9 Ga 
(Tera et al., 1974). Alternatively, the clustering of ages at 3.9 Ga might reflect a 
more complex history of late accretion (Tera et al., 1974; Hartmann, 2003; 
Norman, 2009). The nature of the LHB (steady decline, single spike cataclysm, 
multi-spike cataclysm; FIGURE 1-1) remains unsolved and is one of the major 
scientific questions in lunar exploration, with implications for early solar system 
dynamics (Norman, 2009; Bottke and Norman, 2017).  
Lunar samples (Apollo and Luna mission samples, lunar meteorites) can be 
used to constrain the absolute ages of impact events on the lunar surface 
(Stöffler and Ryder, 2001), and place constraints on the shape of the impactor 
flux curve. The lunar impact flux curve is widely used as the basis for estimated 
ages of cratered surfaces on other planets in the inner solar system (Stöffler 
and Ryder, 2001) and as the basis for models of early solar system dynamics 
(e.g. Gomes et al., 2005; Morbidelli et al., 2012). Thus, the calibration of the 
lunar impactor flux curve with absolute ages has far reaching consequences, as 
it will lead to a better understanding of the early solar system as a whole. Closer 
to home, the lunar impactor flux curve can serve as a proxy of the impactor flux 
to Earth itself. The Earth’s impact flux might have been 10 times as strong as 
the lunar one (Hartmann et al., 2000), which could have “frustrated biogenesis 
on the early Earth” (Lineweaver and Norman, 2009). Thus the shape of the 
lunar impactor flux curve might be tied to our very own existence. 
 
2 
To constrain the lunar impact flux curve during the LHB using lunar impact melt 
rocks the two following questions have to be answered. 
 
(1) How many, and which of the major impact events are represented by 
the impact melt rocks in the lunar samples suite? 
The main problem behind this question is the possibility that the lunar sample 
suite might be biased towards younger ages, as most samples represent the 
current lunar surface, which is dominated by the latest (i.e., youngest) ejecta 
blankets of basin-scale impact events (Lineweaver and Norman, 2009; Norman 
et al., 2010). This is especially a concern for impact melt rocks from the Apollo 
sample collection, as the landing sites all lay on the near-side equatorial region, 
which may be “dominated by a small number of the largest, most recent near-
side impact basins” (Lineweaver and Norman, 2009). For example, it has been 
argued that most (or even all) of the mafic, thorium-rich melt breccias in the 
Apollo collection might have been derived from the Imbrium basin impact event 
(Haskin et al., 1998); or at least were derived from the confined region of the 
Procellarum-KREEP Terrain (PKT) (Korotev, 2000). However, other studies 
interpret the compositional, textural and age variety of lunar melt rocks as the 
result of various impacts (e.g. Reimold and Nieber Reimold, 1984; Norman et 
al., 2006). If most of the Apollo melt rocks were formed during a single impact 
event, the chemical, isotopic and textural differences between these rocks need 
to be explained. One possibility is that they are the result of pre-existing 
heterogeneity in the crust that was not sufficiently homogenised during impact 
melt formation in a basin-scale event (Haskin, 1998; Korotev, 2000). 
Alternatively, incomplete mixing of target lithologies might create diverse melt 
rock compositions in a single event (Korotev, 1994). Finally, a range of melt 
rock compositions can be the result of differentiation of an originally 
homogeneous impact melt sheet (Therriault et al., 2002; O`Connell-Cooper and 
Spray, 2011). However, it is not clear whether this occurred on the Moon, even 
in melt sheets associated with basins (e.g. Warren et al., 1996; Vaughan et al., 
2013; Spudis et al., 2014). 
 
 
3 
(2) Do the 40Ar/39Ar ages of lunar impact melt rocks directly determine the 
age of the sourcing impact event? 
This question arises from the possibility that the 40K-40Ar radiogenic isotopic 
system might be incompletely reset during impact melt formation and therefore 
could record an older age, or that this system might be later reset during an 
(impact-induced) metamorphic event, and therefore could record a younger 
age. For example, incomplete resetting might result from the retention of 40Ar 
during impact melt formation (e.g. Jessberger et al., 1977b). Even if only small 
but differing quantities of radiogenic 40Ar were retained in a set of cogenetic 
samples (for example in small undissolved clasts), the resulting age data might 
create the illusion that these samples were formed in different events (Haskin, 
1998). On the flipside, 40Ar loss during a heating event after the actual melt 
formation might at least partially reset the 40K-40Ar system, in which case the 
true formation age would be retained in less easily disturbed systems, while the 
40Ar/39Ar age might give a younger age (Fischer-Gödde and Becker, 2012). 
 
FIGURE 1-1: SCHEMATIC DIAGRAM OF POSSIBLE IMPACTOR FLUX SCENARIOS THAT COULD HAVE 
AFFECTED THE LUNAR SURFACE (AFTER HARTMANN, 1965 AND TERA ET AL., 1974). 
4 
1.1. Objectives of this study 
To contribute to the two questions presented above, this study aims to achieve 
three major objectives, which are outlined below. 
(1) Distinguish melt rocks formed in basin-scale events (>300 km diameter) 
from those produced by craters (<300 km diameter) using a combination of 
petrography, geochemistry and age information. 
(2) Link the basin-derived melt rocks with their source basin, and constrain the 
age of this basin. 
(3) Identify cogenetic samples, test whether compositional differences of these 
samples are consistent with melt sheet differentiation, and test the plausibility of 
a differentiation scenario. While an interesting objective on its own merit, this 
objective also ties into objectives 1 and 2, as these critically rely on the correct 
identification of cogenetic samples, which requires a proper understanding of 
the processes that caused the compositional varieties observed in lunar impact 
melt rocks. 
  
5 
1.2. Approach 
In this study a set of 35 crystalline, clast-poor and well-preserved impact melt 
rocks from the Apollo 14, 16 and 17 landing site were analysed. These samples 
are well suited to approach the outlined objectives, as they are the closest to 
rocks purely derived from impact melt in the lunar sample collection. This 
ensures that the samples reflect the composition of their target lithology as 
close as possible, which allows constraints on their origin in terms of global 
lunar geology, and to study pre- and post-impact derived compositional 
differences of cogenetic samples. Furthermore, for these kinds of rocks, textural 
characteristics can be used to study cogenetic relationships between samples 
(Norman et al., 2006). The clast-poor nature of these samples reduces the 
influence of inherited components on their chemistry and radiogenic isotope 
systems, while their textures and petrography provides direct information about 
their crystallisation and subsequent metamorphic histories. This allows a clear 
evaluation of how well the obtained age data represent the melt forming events.  
The analytical techniques used in this study are optical microscopy, inductively-
coupled plasma optical emission spectrometry (ICP-OES) and mass 
spectrometry (ICP-MS), isotope dilution thermal ionisation mass spectrometry 
(ID-TIMS) and 40Ar/39Ar mass spectrometry. All of the geochemical analyses 
were obtained from the same sample split. The goal was to produce a coherent 
data set of major and trace element data, 87Rb-87Sr and 147Sm-143Nd isotopic 
data, and 40Ar/39Ar ages for each sample. 
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1.3. Thesis structure 
Chapter 1 (Introduction) introduces the importance of calibrating the lunar 
impactor flux curve using absolute age data. It summarises the problems that 
arise when lunar impact melt rocks are used for this kind of calibration, and it 
highlights the objectives and the approach that were chosen for this study to 
address these problems. The chapter also outlines the structure of this study. 
Chapter 2 (Geological Settings and Samples) describes the geological 
context of the studied impact melt rocks on the global and local scale. It also 
provides for each sample a description of petrographic features that are 
important for a correct interpretation of the geochemical and isotopic data. 
Chapter 3 (Methods) describes the methods used in this study and assesses 
the quality of the acquired data. 
Chapter 4 (Results) presents the major and trace elemental data, the 40Ar/39Ar 
data, and the 87Rb-87Sr and 147Sm-143Nd data obtained for these samples. It 
also sets the data into the context of results from other studies. 
Chapter 5 (Discussion) discusses the characteristics of impact melt deposits 
and the nature of the studied melt rocks. It considers how reliably the 40Ar/39Ar 
age data represent the formation ages of the samples, and the number and 
nature of events that formed the studied impact melt rocks. Finally, it explores 
the possibility that melt differentiation might have created at least some of the 
compositional variety observed in a subset of the samples. 
Chapter 6 (Summary and Conclusion) summarises the thesis, concludes to 
what extent the objectives of the study have been met and what the results 
imply in regards to the lunar impactor flux during the Late Heavy Bombardment.  
References lists the references cited in this work. 
Appendices as well as the enclosed Electronic Appendix provide relevant 
supplementary information as well as extended versions of the used data sets.  
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2. Geological Setting and Samples 
 
Due to the potential of impact events to distribute materials over a vast area, the 
impact melt rocks studied here have to be viewed not only in their respective 
regional setting, but also the global lunar setting. Therefore, the aim of this 
chapter is to provide a brief introduction into major global geological features 
and their chemical signatures (section 2.1), as well as the local setting at the 
respective landing site (section 2.2). Section 2.3 then provides a brief 
description of the studied samples, with a focus on petrographic characteristics 
and shock indicators.  
 
2.1. Global features of the Moon and their chemical signatures 
The Apollo missions collected samples from relatively small areas at the six 
landings sites. In this work, samples from the Apollo 14, 16 and 17 landing sites 
are studied. The longest distance between two sampling points at the Apollo 14 
site is about 1.6 km (stations LR3 and C’, see section 2.2.1). The later missions 
16 and 17 sampled a larger area due to the use of the lunar rovers; but still 
were restricted in terms of the ground covered. The longest distance between 
two stations is about 8.3 km at the Apollo 16 site (stations 4 and 11, see section 
2.2.2) and about 11.3 km at the Apollo 17 site (stations 2 and 8, see section 
2.2.3).  
However, despite the relatively small sampled areas, the returned samples 
originated at least in part from areas that are tens, hundreds or even thousands 
of kilometers away from the landing sites. The predominant geological 
processes on the lunar surface are impact events of all sizes. The biggest of 
them – basin-scale impact events - can distribute material over large parts of 
the lunar surface. For example, it is likely that a significant fraction of the 
materials at the Apollo 16 landing site are derived from the large nearside 
impact basins, such as Nectaris, Serenitatis and Imbrium (e.g. Petro and 
Pieters, 2006). Furthermore, it is possible that some materials stem from basins 
as distant as Orientale or South Pole-Aitken (SPA) (Petro and Pieters, 2006). 
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Therefore, the geological context for lunar samples contains global features of 
the lunar surface, and not just the small area around a landing site. 
In the face of limited “on the ground” information from the Moon, the 
identification and characterisation of major lunar geological features rely mostly 
on telescopic and satellite observations, such as the multispectral data of the 
Clementine mission and the gamma-ray data from the Lunar Prospector 
mission. These data have revealed at least three geochemical and 
physiographic provinces: The Procellarum KREEP Terrane (PKT), the 
Feldspathic Highlands Terrane (FHT) and the South Pole-Aitken Terrane 
(SPAT) as seen in Figure 2-1 (Jolliff et al., 2000). The following sections give an 
overview of the chemical signatures of these three terrains (sections 2.1.1, 2.1.2 
and 2.1.3), some geological processes thought to be responsible for the 
formation of the different terrains (section 2.1.4) and how these signatures can 
be used to place individual lunar samples into the global context of these 
terranes (section 2.1.5). The descriptions in these sections are based on Jolliff 
et al. (2006) and references therein, if not otherwise indicated. 
 
FIGURE 2-1: LUNAR GLOBAL VIEW OF THE THREE MAJOR LUNAR TERRAINS AND THEIR 
SUB TERRAINS. THE MAP SHOWS THE DIFFERENCE OF THE TERRAINS IN THEIR FEO AND 
TH CONCENTRATION. DATA OBTAINED BY THE LUNAR PROSPECTOR AND THE 
CLEMENTINE MISSIONS. FIGURE FROM JOLLIFF ET AL. (2006).  
 
Picture has been removed for open access version of the 
thesis, to not infringe on copyrights 
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2.1.1. The Procellarum KREEP Terrane (PKT) 
The terms “Procellarum” and “KREEP” refer to the geographic location and the 
geochemical signature of the PKT respectively. “Procellarum” refers to the 
Oceanus Procellarum, which is the most extensive of the lunar mare and makes 
up the largest area of the PKT. The PKT stretches over Mare Imbrium, Frigoris 
and Insularum, as well as large parts of Mare Cognitum, Vaporum, Nubium and 
Humorum. The term “KREEP” refers to the characteristic enrichment of 
potassium (K), the rare earth elements (REE) and phosphorous (P) in this 
region, as well as other incompatible trace elements such as U and Th. The 
enrichment of incompatible elements can be seen in Figure 2-1, exemplified by 
the high concentrations of Th in this region. Due to the high concentrations in 
the heat producing elements K, Th and U, the PKT has also been referred to as 
the “high-Th Oval Region” (Haskin, 1998) and the “Great Lunar Hot Spot” 
(Korotev, 2000).  
A late-stage residual melt of the lunar magma ocean is believed to have 
accumulated the KREEP elements. After crystallisation of the lunar mantle and 
crust, this melt (termed “urKREEP”) would have been trapped at the interface. 
Subsequently, impact excavation and/or ascending magmas would have 
brought KREEPy materials to the lunar surface. If the overlaying crust was 
relatively thin, more KREEPy materials would have reached the surface. Thus it 
is not clear whether KREEPy rocks only occur in the PKT, as it is possible that 
KREEPy materials exist at depth in other regions of the Moon with thicker crust. 
However, evidence for a KREEP layer outside of the PKT is scarce (see section 
2.1.3). 
The pre-basin forming PKT crust atop the KREEP layer is believed to have 
been relatively mafic in comparison to other upper-crustal materials of the Moon 
(for more details on the origin and evolution of the PKT see section 2.1.4). This 
has been inferred from FeO rich materials that have been excavated alongside 
KREEP materials by moderate to large sized impact craters within the PKT. 
These materials are believed to represent original PKT crust which is nowadays 
mainly covered by mare, impact-melt sheets and impact ejecta.  
Two pristine rock types of lunar samples are believed to be endogenous to the 
PKT crust: The Alkali-suite and the Mg-suite rocks. The Alkali-suite rocks are 
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plagioclase rich, but more sodic than the other plagioclase rich lunar rocks 
found in the FHT. The Mg-suite rocks have a high Mg# and appear to have 
crystallised from magmas rich in incompatible elements.  
Nowadays, most of the PKT's surface is covered by iron rich basalts. Most of 
the basaltic melts likely flooded the region after the formation of the big impact 
basins. However, mare volcanism would have already been a 
contemporaneous process during the late heavy bombardment (LHB), as mare 
basalt volcanism might have started as early as 4.2-4.3 Ga (Taylor et al., 1983). 
Unlike in other lunar terrains, the PKT basalts do not only cover the thin crust 
within large impact basins (~10-20 km; Wieczorek et al., 2013) but also overlay 
relatively thick crust (e.g., in the Oceanus Procellarum u to ~35 km; Wieczorek 
et al., 2013). Furthermore, these basalts possibly have a higher mean Th 
concentration (~5 ppm) than basalts in other regions. They were possibly 
sourced by regions in the upper mantle that were also affected by the 
overlaying urKREEP layer.  
 
FIGURE 2-2: TOPOGRAPHIC MAP OF THE MOON FROM CLEMENTINE LASER ALTIMETRY 
DATA. FIGURE FROM HTTP://WWW.LPI.USRA.EDU/LUNAR/MISSIONS/CLEMENTINE/IMAGES/ 
(BRIAN FESSLER AND PAUL SPUDIS).  
 
Picture has been removed for open access version of the 
thesis, to not infringe on copyrights 
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2.1.2. The Feldspathic Highlands Terrane (FHT) 
The FHT covers most of the lunar farside and the non-PKT regions of the 
nearside. Its name refers to the dominant mineralogical and topographic 
characteristics of this area. The terrain is termed “Highlands” as it has an 
elevated topography compared to the PKT and the SPA basin (FIGURE 2-2). 
“Feldspathic” refers to the observation that this terrain is dominated by 
plagioclase-rich materials with an average composition of a noritic anorthosite 
(80-90% plagioclase), while the plagioclase content of the PKT is lower (~74%, 
based on the composition of central peaks; Tompkins and Pieters, 1999). The 
uppermost layer of the FHT likely represents material deposited and reworked 
by impact events. This material is commonly referred to as the megaregolith. 
Below this layer, the FHT is believed to represent primordial lunar crust which 
formed by plagioclase accumulation from the magma ocean. One striking 
surficial feature of the highlands is, that the impact basins there are smaller than 
in the PKT, which likely is the result of differences in the cratering process due 
to different physical properties of the two areas (Miljkovic et al., 2013; Namiki et 
al., 2009; Neumann et al., 2015). 
The FHT can be divided into two sub terrains, the central FHT (FHT-C; 
“Feldspahtic Highlands Terran (Anorthositic)” in FIGURE 2-1) and the outer 
regions of the FHT (FHT-O; “FHT,O” in FIGURE 2-1). The primordial crust in the 
FHT-C on the farside of the Moon is believed to be a relatively thick highly 
anorthositic layer. The anorthositic nature of the crust has been inferred from 
the mineralogy of ejecta (often consisting of 'pure anorthosite'; Ohtake et al., 
2009) produced by impact basins (e.g. the Hertzsprung and Korolev basins) 
that likely excavated this material from below the megaregolith layer (i.e. from 
the primordial crustal layer). High-resolution gravity data from the GRAIL 
mission indicate that the lunar crust is on average thinner (34 – 43 km) than 
previously thought (~ 50 km), but support the notion that the crust is thickest in 
the FHT-C (Wieczorek et al., 2011). It has also been suggested that this 
outstanding thickness of the FHT-C (35-50 km, in parts up to 60 km; Wieczorek 
et al., 2013) could be the result of deposition of vast amounts of impact ejecta 
material from the nearby South Pole-Aitken basin (Kendall et al., 2015). Before 
geophysical constraints from the GRAIL mission corroborated the thickness of 
the farside crust, the relative thickness of the crust had been inferred from the 
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low abundance of small mare within the FHT-C, and the assumption that a thick 
crust would prevent most of the FeO-rich, basaltic melts from the mantle to 
reach the surface. However, within the farside crust those magmas could have 
crystallised and form low-KREEP magnesian mafic rocks, the pendants to the 
KREEP-rich Mg-suite rocks associated with the PKT (Taylor, 2009). On the 
large scale the farside highlands are in general thought to be relatively 
homogenous. However, it is possible that some compositional heterogeneity 
between the western and the eastern farside region was introduced during the 
formation of the crust, as indicated by varying U/Th ratios in those regions 
(Yamashita et al., 2010).  
The FHT-O appears less anorthositic and in turn more mafic than the FHT-C 
(average FeO contents: FHT-O ~ 6wt%; FHT-An ~ 4.2 wt%). This might be due 
in part to the obscuration of the underlying anorthositic layer by basalt flows 
and/or mafic impact deposits, which originated from basin impacts within the 
PKT. However, the anorthositic crustal layer in the FHT-O might itself be less 
thick than in the FHT-C.  
 
2.1.3. The South Pole-Aitken Terrane (SPAT) 
The SPAT is considered a distinct terrain because of its size and its formation 
early in lunar (impact) history (~ 4.3 Ga; Hiesinger et al., 2012). The South Pole-
Aitkin basin (SPA) itself is the largest known impact basin (diameter ~2500 km) 
on the Moon and even the entire solar system (Spudis et al., 1994). It is not 
clear whether the pre-impact lithology consisted of typical FHT material and 
whether the impact penetrated into the mantle. The basin floor shows higher 
FeO concentrations (~10 wt%, FIGURE 2-1) than the FHT, but only slightly 
elevated average Th concentrations (~2 ppm). The slight Th-enrichment can be 
attributed to the antipodal deposition of Imbrium ejecta and therefore might not 
be related to the SPA ejecta. Thus, there is not much evidence for a KREEP 
component in the excavated SPA material. 
If the KREEP layer was a global lunar phenomenon, this would mean that the 
SPA impact did not excavate deep enough to reach this layer and thus would 
also not have reached the underlying mantle. The asymmetric, butterfly-wing-
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shaped pattern of the SPA ejecta (see “SPA, outer” in FIGURE 2-1) has been 
interpreted as evidence of a low-angle, oblique impact of the SPA impactor. 
Such an impact might explain why, despite the enormous size of the basin, no 
mantle material was excavated, especially if the pre-impact lithology had a crust 
similarly thick as the FHT-C. Diviner Lunar Radiometer data of the silicate 
mineralogy of the Moon seem to back up this scenario, as they do indicate no 
bigger outcrops of mantle material within the SPAT (Greenhagen et al., 2010).1 
However, new data acquired by the GRAIL mission show that the lunar crust is 
generally thinner than previously assumed (34 – 43 km, see also section 2.1.2), 
making it more likely that major impact events penetrated into the lunar upper 
mantle (Wieczorek et al., 2011). Recently, data obtained by the Moon 
Mineralogical Mapper (M3) showed that SPA ejecta consists mainly of 
orthopyroxene with only minor abundances of olivine (Melosh et al., 2014). As 
Apollo seismic data and thermodynamic modelling suggest that the main 
mineral in the Moon's upper mantle is orthopyroxene (Khan et al., 2007; Kuskov 
and Kronrod, 1998), it seems likely that the SPA impact excavated mantle 
material. Furthermore, the composition of the SPA melt sea might also be 
consistent with a mantle dominated melt. Models of basin sized impact melt 
sheets come to the conclusion that differentiation processes within large impact 
melt seas may mimic an impact melt derived from an anorthositic crustal target, 
even though the real process involved mainly mafic mantle materials (Vaughan 
and Head, 2013; Vaughan et al., 2013). The SPA melt sea might have 
undergone such processes, even though this “mimic effect” could not be 
confirmed for the smaller Orientale basin by evaluation of the existing chemical 
and mineralogical data (Spudis et al., 2014). Nevertheless, it seems unlikely 
that a KREEP component was present in the pre-SPA target region, which 
enforces the concept of the occurrence of KREEP components being restricted 
to the PKT, or at least that it was not a global phenomenon.  
 
                                            
1
 However, this study looked for olivine-rich lithologies as indicators for the presence of a mantle 
component, which might not necessarily be the main lithology to be expected in the upper lunar mantle, 
as discussed in the next paragraph. 
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2.1.4. The origin of the crustal dichotomy 
The chemical, geological and geographic dichotomy between the PKT and the 
FHT is enigmatic. The formation of FHT crustal material follows from the widely 
accepted model of the lunar magma ocean, as well as the existence of KREEPy 
materials. However, a magma ocean model does not necessarily imply that all 
the KREEPy materials predominantly occur in a single region. An early 
hypothesis to explain this phenomenon was that the crust in this region could 
have been thinned by an ancient impact that formed the so called Procellarum 
basin (Cadogan, 1974), which would have allowed the KREEPy materials to 
more easily penetrate into the lunar crust and to the lunar surface. While some 
features on the surface of the lunar nearside could be interpreted as remnants 
of the Procellarum basin (e.g., low-calcium pyroxene deposits; Nakamura et al., 
2012), the subsurface structure of the PKT, as it was revealed by GRAIL gravity 
data, is inconsistent with thinning of the crust during a basin impact event. 
These data show that the PKT is bordered by a massive magmatic-tectonic 
structure (Andrews-Hanna et al., 2014). This structure is interpreted to consist 
of linear lava-filled rifts forming a quasi-rectangular pattern. The structure could 
be the result of stresses caused by the relative slow cooling of the PKT 
compared to its surrounding, due to the abundance of heat producing elements 
within the KREEP layer. This requires a local concentration of the KREEP 
components in the region of the PKT, but does not explain this concentration in 
the first place. An analysis of topography and gravity data by Garrick-Bethell et 
al. (2010) came to the conclusion that the localised higher abundance of 
radiogenic residual could be the result of crustal thickness variations that had 
been caused by tidal heating effects. Alternatively, it has been suggested by 
Schultz and Crawford (2011) that the PKT might be the result of the South Pole-
Aitken impact (see section 2.1.3), roughly on the other side of the Moon. This 
massive impact could have damaged the lunar interior below the PKT and thus 
created extended pathways for deep-seated magmas; finally leading to KREEP 
and mare basalt magmatism within the region (Schultz and Crawford, 2011). 
Another explanation for the origin of the crustal dichotomy was put forward by 
Roy et al. (2014). They showed that if the Moon was tidally locked short after 
the Moon forming giant impact, the radiation from the nearby Earth 
(“Earthshine”) would have kept the nearside warmer than the farside. As a 
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result the crust could have started crystallising earlier on the farside and thus 
seed the crustal asymmetry. Simulations also allow for the possibility, that the 
crustal asymmetry is the result of the formation of a companion moon after the 
giant impact, which later collides with the Moon to form the thick farside 
highlands (Jutzi and Asphaug, 2011).  
 
2.1.5. The chemical fingerprint of lunar terrains 
The different lunar terrains exhibit unique chemical signatures, due to the 
abundance of different lithologies. As pointed out above, the FHT is dominated 
by feldspathic crustal materials, with high Al and Ca contents due to their noritic 
to anorthositic nature. Therefore, a key characteristic of the FHT chemical 
signature is an enrichment of Al and Ca compared to the PKT and the mare 
filled impact basins, in which Al and Ca poorer KREEP or basalt lithologies 
prevail. Mare basalts in turn have higher concentrations of Fe, Ti and Mg, as a 
result of them being partial melts of lunar mantle material, whereas KREEP 
lithologies show high Th, K and REE, as those elements would be concentrated 
in the residual magma ocean melt, which is believed to be the source of the 
KREEPy trace element characteristics. 
These elemental enrichments can be used as “chemical fingerprints”, not only 
to identify different lithologies by spectrographic observations (FIGURE 2-1), but 
also to identify the nature of lunar samples whose provenance is unknown (e.g. 
lunar meteorites). Furthermore, these geochemical and mineralogical 
fingerprints can help to identify and quantify the lithologies, in samples that 
represent a mix of different lunar lithologies, e.g. impact melt breccias and 
impact melt rocks. Identification of the lithologies in turn constrains the terrain 
from which the impact melt was derived. 
Lunar soils from the Apollo landing sites are a good example to illustrate how 
chemical fingerprinting can help to identify the presence of different target 
lithologies in individual samples, or a sample set respectively. The compositions 
of individual soils from the same landing site can vary widely (see e.g. spread of 
Apollo 17 soil compositions; FIGURE 2-3). However, the compositional fields 
defined by all soil samples from the respective landing sites are a good 
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representation of the lithologies dominating the respective landing site (FIGURE 
2-3). This is a result of impact-related “gardening” of the lunar surface. FIGURE 
2-3 shows the Apollo soils in relation to the endmember terranes that contribute 
to the various lunar lithologies. The geographic positions of the landing sites are 
remarkably well reflected in this plot. Apollo 11 landed in a mare surrounded by 
feldspathic highlands while Apollo 12 touched down in mare within the PKT. 
The sub-mare PKT lithology of the Fra Mauro formation is evident in the Apollo 
14 soils. Apollo 16 targeted the feldspathic highlands, but the influence of 
KREEP material due to ejecta originating from within the PKT can be 
recognised in the soils. The wider chemical range found in the Apollo 15 and 
Apollo 17 soils reflects the proximity of the PKT, mare and feldspathic materials 
to these sites. These examples show that a somewhat random sampling of a 
set of soil samples can give a good account of the quality and quantity of the 
materials present at the surface in the vicinity of a landing site. 
However, as the coordinates of the Apollo landing sites are well known, lunar 
soils merely represent a “test of principle” for the chemical fingerprinting of lunar 
samples. But the method can also be used to infer the geographic affinities of 
lunar rock samples. Jolliff et al. (2000) determined the source regions of a set of 
lunar meteorites. Most came from the FHT-C (Figure 2-3, feldspathic lunar 
meteorites) and one from the PKT (not shown). While these constraints are not 
very specific, they illustrate that the approach of chemical fingerprinting can 
work for samples of unknown provenance.  
For the impact melt rocks studied here the geochemical fingerprints of the 
different lunar terrains can be used to constrain the nature of the target 
lithologies that were incorporated into the impact melt. While the impact melt 
rocks themselves are likely to represent an integrated average composition of 
the pre-impact target lithologies, they can also, especially if they are emplaced 
as external deposits outside of the parent crater, incorporate clasts of foreign 
material, which then can obscure the chemical fingerprint of the melt (see 
section 5.1.3 for details). Thus, before any constraints on the location of the 
impact melts' parent crater can be made, this “contamination” of foreign material 
has to be accounted for. This can, for example, be done by identifying mixing 
relationships within single samples or within cogenetic sample groups. Korotev 
(1994), found for example, that for many Apollo 16 samples mixing of a mafic 
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and KREEP-rich melt (i.e. PKT derived) component with an anorthosite (i.e. 
FHT derived) component would account for much of the observed intra- and 
intersample variations. If such mixing effects are not considered, one would 
falsely interpret the whole rock chemical composition of a sample consisting of 
an impact melt component and a clast component as the chemical composition 
of the melt component alone. This in turn would lead to an erroneous constraint 
of the target composition from which the melt formed. Thus, melt-clast mixing 
has to be kept in mind, when evaluating possible cogenetic relationships 
between melt rocks, which compositionally differ. 
 
FIGURE 2-3: TERNARY DIAGRAM DEMONSTRATING THE 
MIXING OF DIFFERENT LUNAR SOURCE ROCKS WITHIN THE 
SOIL OF THE APOLLO LANDING SITES. FIGURE FROM 
JOLLIF ET AL. (2000). 
 
  
Picture has been removed for open 
access version of the thesis, to not 
infringe on copyrights 
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FIGURE 2-4: SATELLITE IMAGE OF THE LUNAR NEARSIDE WITH THE IMBRIUM, SERENITATIS AND 
NECTARIS BASIN OUTLINED. THE COPERNICUS, WERNER AND TYCHO CRATER ARE INDICATED 
FOR BASIC ORIENTATION. AREA A14 IS DEPICTED IN FIGURE 2-6. AREA A16 IS DEPICTED IN 
FIGURE 2-8. AREA A17 IS DEPICTED IN FIGURE 2-10. RAW IMAGE IS FROM THE NASA LROC 
(HTTP://LROC.SESE.ASU.EDU/NEWS/UPLOADS/LROC_WAC_NEARSIDE_NOSLEW.PNG;  
LROC WAC, NO SLEW MOSAIC, ACQUIRED DECEMBER 2010, VERSION 1B, ARIZONA STATE 
UNIVERSITY). 
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2.2. Landing sites 
This section gives a brief overview of the landing sites of Apollo 14, 16 and 17, 
at which the samples studied here were collected. The main focus of the 
landing site descriptions is on possible sources for the impact melt rocks 
sampled at these landing sites, especially in regards to basin-scale impact 
events (FIGURE 2-4). The descriptions of the landings sites are based on Jolliff 
et al. (2006) and references therein, if not otherwise indicated. 
 
2.2.1. Apollo 14 
The Apollo 14 landing site (Figure 2-5) lies in the southern part of the PKT 
(FIGURE 2-4 and FIGURE 2-6). It is located within the Fra Mauro formation, north 
of the Fra Mauro Crater. The geological nature of the Fra Mauro Formation and 
its origin are not clear. While it likely consists at least in part of Imbrium ejecta, 
the interpretations of the unit range from only 15-20% Imbrium ejecta mixed into 
local materials to it being a primary Imbrium ejecta unit (i.e. ~100 % Imbrium 
ejecta material). Therefore, impact materials found at this site (complex 
fragmental breccias, impact-melt breccias, clast-poor impact melt rocks) could 
be, but do not have to be attributed to the Imbrium event. Additionally, the Fra 
Mauro formation was reworked by craters after its formation. These craters 
pose another possible source for impact melt rocks at the site (for a more 
detailed discussion see section 5.3.2). 
About ~1100 m from the landing site lays Cone crater (Diameter: ~340 m; 
Depth: ~75 m). The landing site was chosen close to the fresh crater in the 
hope to collect primary Fra Mauro formation material, which the Cone crater 
impact ejected from beneath the covering regolith (LPI, 2015).2 EVA 2 reached 
the rim of this crater. Several subdued craters up to several hundred meters in 
diameter can be found in the vicinity of the landing area. 
 
                                            
2
 Cone crater could therefore be the crater that excavated impact melt rocks at the Apollo 14 landings 
site to the surface. It is, however, to small to represent a melt forming event itself. 
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FIGURE 2-5: SATELLITE IMAGE OF THE 
APOLLO 14 LANDING SITE WITH TRAVERSE 
(YELLOW) AND STATIONS (YELLOW NAMES), 
CONE CRATER (RED), TRIPLET CRATER 
(BLUE) AND DOUBLET CRATER (GREEN). 
THE SAMPLING LOCATION OF THE SAMPLE 
INCLUDED IN THIS STUDY IS INDICATED. RAW 
IMAGE IS FROM THE NASA LROC (NAC 
M175388134LR, IMAGE WIDTH: 1.8 KM, 
LAT: -3.645, LONG: 342.528; NASA, 
2015).  
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FIGURE 2-6: SATELLITE IMAGE OF THE AREA AROUND THE APOLLO 14 LANDING SITE. SOME 
PROMINENT CRATERS ARE OUTLINED OR INDICATED FOR BASIC ORIENTATION. THE APOLLO 14 
LANDING SITE IS IN DETAIL DEPICTED IN FIGURE 2-5. RAW IMAGE IS FROM THE NASA LROC 
(PART OF THE 'LROC WAC GLOBAL 100M/PX' MOSAIC; NASA, 2015).  
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2.2.2. Apollo 16  
The Apollo 16 landing site (FIGURE 2-7) lies in a part of the FHT-O south-east of 
the PKT (FIGURE 2-4 and FIGURE 2-8). Two major geological units set the direct 
context at the Apollo 16 landing site: the smooth Cayley Plains and the hilly and 
furrowed Descartes Highlands. Both likely represent basin-scale impact ejecta 
deposits possibly linked to the Imbrium and/or Nectaris events (Spudis, 1984). 
The lunar lander itself touched down on a subunit of the Cayley Plains. The 
plains are enclosed to the north, east and south by units of the Descartes 
Highlands. Descartes material is believed to mainly consist of anorthositic 
lithologies (anorthosites, feldspathic fragmental breccias), while the Cayley 
Plains should be rich in mafic crystalline impact melt breccias (Basu and 
McKay, 1984). 
The southern Descartes unit (Stone Mountain) was reached by EVA 2 (stations 
4, 5 and 6). However, samples from the Cayley Plains and the Descartes 
Highlands were found at all stations, independently of the location of the 
stations (Reimold and Nieber Reimold, 1984). This is an effect of the “impact 
gardening” of the lunar surface by smaller craters. For example, many of the 
Apollo 16 samples are believed to have been emplaced on the lunar surface 
relatively recently as ejecta from the South Ray crater (SRC) and North Ray 
crater (NRC); both close to the landing site (Figure 2-7). EVA 3 reached the rim 
of NRC, thus samples from station 11 and 13 have a high likelihood to have 
been excavated by the NRC event.  
The most likely sources for impact melt rocks at the Apollo 16 landing site are 
exterior melt deposits of basin impact events and smaller post-basin impacts in 
the highlands surrounding the landing site (for details see section 5.1.8). The 
interior melt sheets of eroded unnamed craters A and B (FIGURE 2-8), in which 
the landing site is located, might be another source of impact melt rocks (for 
details see section 5.1.8). 
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FIGURE 2-7: 
SATELLITE IMAGE OF 
THE APOLLO 16 
LANDING SITE WITH 
TRAVERSE (YELLOW) 
AND STATIONS 
(YELLOW NAMES), 
NORTH RAY CRATER 
(BLUE) AND SOUTH 
RAY CRATER (GREEN). 
THE SAMPLING 
LOCATIONS OF THE 
SAMPLES INCLUDED IN 
THIS STUDY ARE 
INDICATED. RAW 
IMAGES ARE FROM THE 
NASA LROC (NAC 
M106777343L/R; 
NASA, 2015). THE 
IMAGE SHOWN 
CONSISTS OF TWO 
OVERLAIN IMAGES, 
ONE WITH HIGH AND 
ONE WITH LOW 
INCLINATION OF THE 
ILLUMINATING 
SUNLIGHT. 
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FIGURE 2-8: SATELLITE IMAGE OF THE AREA 
AROUND THE APOLLO 16 LANDING SITE. SOME 
PROMINENT CRATERS ARE OUTLINED OR 
INDICATED FOR BASIC ORIENTATION. THE 
APOLLO 16 LANDING SITE (RECTANGLE 
WITHIN CRATER B) IS IN DETAIL DEPICTED IN 
FIGURE 2-7. RAW IMAGE IS FROM THE NASA 
LROC (PART OF THE 'LROC WAC GLOBAL 
100M/PX' MOSAIC; NASA, 2015). 
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2.2.3. Apollo 17 
The Apollo 17 landing site (Figure 2-9) lies in the Taurus-Littrow Valley. This 
valley is located on the highland/mare boundary close to the south-eastern rim 
of the Serenitatis basin (FIGURE 2-4 and FIGURE 2-10). The valley floor is filled 
with high-Ti mare basalt and littered with subdued craters that are several 
hundred meters in diameter. The valley lies between two highland massifs, 
named after their location: the North and South Massifs. Mare basalts from the 
valley floor and igneous plutonic Mg-suite rocks from the highland units were 
collected during the mission. Furthermore, impact melt breccias have been 
sampled all over the site. As the landing site is located close to the Serenitatis 
basin, the melt breccias are likely derived from the Serenitatis event, but ejecta 
from the Imbrium event is also believed to be present at the site.  
Some of the samples studied here were taken from boulders at the Apollo 17 
landing site, which in turn can be traced back outcrops on the massifs. Boulder 
#1 at Station 2 (source of samples 72215, 72235, 72255, 72275) at the foot of 
the South Massif is believed to have originated from further up in the massif and 
to represent Serenitatis ejecta (Wood, 1975). The landslide material at Station 3 
(source of sample 73235) also came from the South Massif (Meyer, 2012). 
Boulder tracks the Station 6 boulders (one of which is the source of sample 
76235) have been traced back to their uphill sources in the North Massif, which 
is believed to be Serenitatis ejecta (Hurwitz and Kring, 2015). 
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FIGURE 2-9: SATELLITE IMAGE OF THE APOLLO 17 
LANDING SITE WITH TRAVERSE (YELLOW) AND STATIONS 
(YELLOW NAMES). THE SAMPLING LOCATIONS OF THE 
SAMPLES INCLUDED IN THIS STUDY ARE INDICATED. RAW 
IMAGE IS FROM THE NASA LROC (NAC M142061915LR, 
IMAGE W IDTH: 15 KM; NASA, 2015).  
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FIGURE 2-10: SATELLITE IMAGE OF THE AREA AROUND THE APOLLO 17 LANDING 
SITE. SOME PROMINENT CRATERS ARE OUTLINED OR INDICATED FOR BASIC 
ORIENTATION. THE APOLLO 17 LANDING SITE IS IN DETAIL DEPICTED IN FIGURE 2-9. 
RAW IMAGE IS FROM THE NASA LROC (PART OF THE 'LROC WAC GLOBAL 
100M/PX' MOSAIC; NASA, 2015).  
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2.3. Sample Description 
This section gives a brief petrographic description of the samples analysed in 
this study. The focus of the descriptions is on the textures, clast contents and 
indications of shock pressures experienced by each sample (summarised in 
TABLE 2-1, TABLE 2-2 and FIGURE 2-81). In the cases of dilithologic/dimict 
breccias the description focuses on the impact melt lithology. Also, a short 
description of the allocated sample split is given for each sample.  
The petrographic descriptions are (if not otherwise indicated) based upon the 
summaries of the available data by Ryder and Norman (1980) and Meyer 
(2012) and the references therein. The photos of the thin sections are either 
from the Lunar Photo Database (NASA, 2012), the Lunar and Planetary Institute 
website (LPI, 2015) or were taken during the course of this study on thin 
sections provided by NASA. The descriptions of samples which come from one 
boulder (72215, 72235, 72255 and 72275; 68415 and 68416) or are most 
certainly cogenetic (64475 and 64476; 64536 and 64537) are presented 
together to allow direct comparison. 
For clarity the literature data on compositions as well as age data are not listed 
in this section, but can be found in the respective result sections to allow direct 
comparison with the here obtained results (see sections 4.1, 4.2 and 4.3).  
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2.3.1. Sample 14310 (Apollo 14) 
Sample 14310 is an impact melt rock, which was collected at station G of the 
Apollo 14 landing site (FIGURE 2-5) as a separate sample with no adherent 
matrix. Therefore it is not established whether it belongs to the Fra Mauro 
Formation or not. The sample is holocrystalline and exhibits a fine-grained 
subophitic to intergranular texture (FIGURE 2-11 and FIGURE 2-12). No lithic 
clasts are reported.  
 
FIGURE 2-11: COLOUR THIN SECTION OF 
14310,5 USING TRANSMITTED LIGHT AT 1X 
MAGNIFICATION.  
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S71-23482 
 
FIGURE 2-12: COLOUR THIN SECTION OF 
14310,5 USING CROSS-POLARISED LIGHT AT 
1X MAGNIFICATION.  
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S71-23484 
 
I was allocated ~2.9 g of split 14310,668. The sample was fine-grained and did 
not contain any visible clasts or metal grains. 
 
2.3.2. Sample 60315 (Apollo 16) 
Sample 60315 is an impact melt rock, which was found near the Landing 
Module (FIGURE 2-7). The sample has a poikilitic texture (FIGURE 2-13 and 
FIGURE 2-14) with embedded anorthositic xenocrysts and clasts of plagioclase, 
rare olivine and opaques. About 10% of the rock is made of areas interstitial to 
the pyroxene oikocrysts. Those areas show granular to subophitic textures. 
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FIGURE 2-13: COLOUR THIN SECTION OF 
60315 USING TRANSMITTED LIGHT AT 2.5X 
MAGNIFICATION.  
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S72-42235 
 
FIGURE 2-14: COLOUR THIN SECTION OF 
60315 USING CROSS-POLARISED LIGHT AT 1X 
MAGNIFICATION.  
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER:  S72-42236 
 
I was allocated ~2.6 g of split 60315,224. The sample was fine-grained and did 
not contain any visible clasts or metal grains. 
 
2.3.3. Sample 60335 (Apollo 16) 
Sample 60335 is a melt rock, which was found about 70 m from the lunar lander 
(FIGURE 2-7). The sample shows a variety of melt textures (FIGURE 2-15 and 
FIGURE 2-16). The textures include intergranular, ophitic and poikilitic areas. 
Reported lithic clasts are granoblastic anorthosite and granoblastic troctolite. 
Plagioclase pheno- and xenocrysts, as well as lithic clasts have been found to 
be shocked by Ryder and Norman (1980). The shock features are not described 
in more detail, but it is stated that most of the shocked minerals and lithic clasts 
are surrounded by reaction rims of unshocked plagioclase. 
I was allocated ~2.8 g of split 60335,6. The sample was fine-grained and did not 
contain any visible clasts or metal grains. 
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FIGURE 2-15: COLOUR THIN SECTION OF 
60335,61 USING TRANSMITTED LIGHT.  
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S79-27784 
 
FIGURE 2-16: COLOUR THIN SECTION OF 
60335,61 USING CROSS-POLARISED LIGHT. 
FIELD OF VIEW: 1.4 MM  
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S79-27785 
 
2.3.4. Sample 60625 (Apollo 16) 
Sample 60625 is an impact melt breccia, which was found near the lunar lander 
(FIGURE 2-7). The sample exhibits a poikilitic texture (FIGURE 2-17 and FIGURE 
2-18) and contains mostly shocked lithic and plagioclase clasts, as well as rare 
mafic clasts. The shock features are not described in more detail. 
 
FIGURE 2-17: COLOUR THIN SECTION OF 
60625,7 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION.  
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 60625,7_JSC08095-P1 
 
FIGURE 2-18: COLOUR THIN SECTION OF 
60625,7 USING CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION.  
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 60625,7_JSC08095-X1 
 
I was allocated ~2.8 g of split 60625,29. The sample was fine-grained and 
contained some rusty metal grains. After gentle crushing and before further 
processing I removed ~11 mg of metal grains from the bulk of the sample. 
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2.3.5. Sample 61015 (Apollo 16) 
Sample 61015 is a dimict breccia consisting of impact melt (~¾ of sample) 
intruding anorthositic lithologies (~¼ of sample). It was found 10 m south of 
Plum crater at station 1 (FIGURE 2-7) and might represent ejecta from South 
Ray crater. The melt part has a fine-grained intersertal texture (FIGURE 2-19 
and FIGURE 2-20). Apart from plagioclase clasts, the impact melt also contains 
other mineral (olivine; spinel; devitrified maskelynite) and lithic (anorthosite; 
spinel troctolite; feldspathic fragment-laden melt rock) clasts (James et al., 
1984). Anorthositic clasts embedded in the impact melt lithology have been 
found to be fractured and penetrated by the impact melt lithology (James et al., 
1984). The impact melt rock lithology itself shows “pervasive shock-induced 
tension fractures” and the whole rock has a glass coating, is penetrated by 
glass veins, and contains interior glass patches (James et al., 1984). 
 
FIGURE 2-19: COLOUR THIN SECTION OF 
61015,44 USING PLANE-POLARISED LIGHT AT 
10X MAGNIFICATION. 
FIELD OF VIEW: 0.7 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  61015,44_JSC02472-P3 
 
FIGURE 2-20: COLOUR THIN SECTION OF 
61015,44 USING CROSS-POLARISED LIGHT AT 
10X MAGNIFICATION. 
FIELD OF VIEW: 0.7 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:   61015,44_JSC02472-X3 
 
 
I was allocated ~3.4 g of split 61015,192. The sample was fine-grained and 
contained a few, fine-grained, white clasts. After gentle crushing and before 
further processing I removed ~18 mg of metal grains from the bulk of the 
sample. 
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2.3.6. Sample 61016 (Apollo 16) 
Sample 61016 is an impact melt rock with a melted anorthosite cap. The 
sample was found on the east rim of Plum crater at station 1 (FIGURE 2-7) and 
might represent ejecta from South Ray crater. The texture of the melt part has 
been described as subophitic (FIGURE 2-21 and FIGURE 2-22; taken during this 
study). Partly to completely maskelynised plagioclase clasts and glassy and 
partially devitrified lithic clasts have been identified within the matrix.  
 
FIGURE 2-21: COLOUR THIN SECTION OF 
61016,234 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-22. 
 
FIGURE 2-22: COLOUR THIN SECTION OF 
61016,234 USING PLANE-POLARISED LIGHT.  
 
I was allocated ~4.4 g of split 61016,123. The sample was a single split with 
partial glass coating and moderately abundant glassy pockets in a fine-grained 
matrix. The sample did not contain any visible clasts or metal grains. 
 
2.3.7. Sample 61156 (Apollo 16) 
Sample 61156 is an impact melt breccia, which was found near Plum crater at 
station 1 (FIGURE 2-7). The sample shows fine-grained poikilitic texture (FIGURE 
2-23 and FIGURE 2-24) and contains a significant amount of plagioclase-rich 
clasts.  
I was allocated ~1.5 g of split 61156,55. The sample was fine-grained and did 
not contain any visible clasts or metal grains. 
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FIGURE 2-23: COLOUR THIN SECTION OF 
61156,26 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 61156,26_JSC08188-P1 
 
FIGURE 2-24: COLOUR THIN SECTION OF 
61156,26 USING  CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 61156,26_JSC08188-X1 
 
 
2.3.8. Sample 62235 (Apollo 16) 
Sample 62235 is an impact melt rock, which was found at the rim of Buster 
crater at station 2 (FIGURE 2-7). The sample exhibits a poikilitic texture (FIGURE 
2-25 and FIGURE 2-26), containing randomly scattered clast (mainly 
plagioclase).  
 
FIGURE 2-25: COLOUR THIN SECTION OF 
62235,69 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  62235,69_JSC08275-P1 
 
FIGURE 2-26: COLOUR THIN SECTION OF 
62235,69 USING CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:   62235,69_JSC08275-X1 
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I was allocated ~3 g of split 62235,60. The sample was fine-grained and 
displayed darker and a lighter varieties of matrix. The sample did not contain 
any visible clasts or metal grains. 
 
2.3.9. Sample 62255 (Apollo 16) 
Sample 62255 is a dimict breccia which consists mainly of crushed and 
granulated pristine anorthosite (~65% of sample), which is penetrated by 
patches and veins of mafic impact melt rock (~35% of sample). The sample is 
furthermore coated on two sides with black vesicular glass. The sample was 
found at Buster crater at station 2 (FIGURE 2-7) and is believed to be a “bomb” 
from South Ray crater.  
There seems to be no detailed petrographic description of the melt part of the 
sample, although Ryder and Norman (1980) describe the melt phase as finely 
crystalline with a “salt and pepper” texture which varies greatly.  
For this study I had access to thin section 62255,208 (FIGURE 2-27 and FIGURE 
2-28). The texture of the melt part in this thin section appears to be intersertal to 
subophitic. The sample also appears to be clast rich, with the majority of clasts 
and the biggest clasts being plagioclase, presumably of the anorthosite lithology 
that forms the non-melt part of sample 62255. 
 
FIGURE 2-27: COLOUR THIN SECTION OF 
62255,208 USING REFLECTED LIGHT. SCALE 
AS IN FIGURE 2-28. 
 
FIGURE 2-28: COLOUR THIN SECTION OF 
62255,208 USING CROSS-POLARISED LIGHT.  
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I was allocated ~3.3 g of split 62255,166. The sample was a fine-grained part of 
the melt rock and contained a few, medium-grained, white clasts. It contained a 
large metal grain (~11 mg) and ~12 mg of smaller metal grains. All metal grains 
were removed from the bulk of the sample after gentle crushing and before 
further processing. The matrix around the big metal grain was separated for 
separate chemical analysis. From here on, the annotation MGM (= metal grain 
matrix) will be used to refer to this part of the sample. 
 
2.3.10. Sample 62295 (Apollo 16) 
Sample 62295 is an impact melt breccia, which was found near Buster crater at 
station 2 (FIGURE 2-7). While the texture has been described as variolitic, the 
texture displayed in thin section 62295,70 could also be described as intersertal 
to subophitic (FIGURE 2-29 and FIGURE 2-30). The sample contains plagioclase, 
rare lithic clasts and olivine-like bodies. 
I was allocated ~2.9 g of split 62295,179. The sample was fine-grained and did 
not contain any visible clasts. After gentle crushing and before further 
processing I removed ~6 mg of metal grains from the bulk of the sample. 
 
FIGURE 2-29: COLOUR THIN SECTION OF 
62295,70 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 62295,70_JSC08290-P1 
 
FIGURE 2-30: COLOUR THIN SECTION OF 
62295,70 USING  CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 62295,70_JSC08290-X1 
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2.3.11. Sample 63355 (Apollo 16) 
Sample 63355 is an impact melt breccia, which was found at Shadow Rock 
near North Ray crater at station 13 (FIGURE 2-7). The sample exhibits a poikilitic 
texture (FIGURE 2-31 and FIGURE 2-32; taken during this study) containing 
noritic and anorthositic clasts, in which the plagioclase is shocked (deformation 
lamellae up to formation of maskelynite). Parts of the matrix are glassy, but 
without evidence of flow. 
 
FIGURE 2-31: COLOUR THIN SECTION OF 
63355,68 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-32. 
 
FIGURE 2-32: COLOUR THIN SECTION OF 
63355,68 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~2.7 g of a powder of split 63355,56.  
 
2.3.12. Sample 63549 (Apollo 16) 
Sample 63549 is an impact melt rock, which was found at station 13 (FIGURE 
2-7). The fine-grained texture of the sample has been described as basaltic. In 
thin section 63549,8 (FIGURE 2-33 and FIGURE 2-34; taken during this study) 
the texture appears to be best described as intergranular to subophitic, and the 
sample appears to be clast free. Clasts for this sample seem not to have been 
reported anywhere else either. 
I was allocated ~1.7 g of split 63549,30. The sample was fine-grained and did 
not contain any visible clasts or metal grains. 
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FIGURE 2-33: COLOUR THIN SECTION OF 
63549,8 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-34. 
 
FIGURE 2-34: COLOUR THIN SECTION OF 
63549,8 USING CROSS-POLARISED LIGHT.  
 
 
2.3.13. Samples 64475 and 64476 (Apollo 16) 
Samples 64475 and 64476 are dimict breccias and were collected at station 4 
(FIGURE 2-7). They consist of dark impact melt rock intruding white cataclastic 
anorthosite. Clasts within the dark impact melt rock part have been found to be 
anorthositic. There seems to be no detailed petrographic description of the melt 
rock part of the samples. 
For this study I had access to thin sections 64475,59 (FIGURE 2-35 and FIGURE 
2-36) and 64476,31 (FIGURE 2-37 and FIGURE 2-38). 
Thin section 64475,59 shows the dark impact melt rock part of sample 64475. 
The matrix is cryptocrystalline to fine-grained with an ophitic texture. Enclosed 
in the matrix are metal grains and plagioclase clasts.  
64476,31 shows the dark impact melt rock part as well as the cataclastic 
anorthosite of sample 64476. The impact melt rock part is mainly 
cryptocrystalline, but embedded plagioclase laths can be seen. Enclosed in the 
matrix are metal grains and plagioclase clasts. 
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FIGURE 2-35: COLOUR THIN SECTION OF 
64475,59 USING REFLECTED LIGHT. SCALE AS 
IN FIGURE 2-36. 
 
FIGURE 2-36: COLOUR THIN SECTION OF 
64475,59 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~3.4 g of split 64475,105. The sample was fine-grained and 
contained moderately abundant, fine-grained, white clasts but no visible metal 
grains. 
 
FIGURE 2-37: COLOUR THIN SECTION OF 
64476,31 USING REFLECTED LIGHT. SCALE AS 
IN FIGURE 2-38. 
 
FIGURE 2-38: COLOUR THIN SECTION OF 
64476,31 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~2.8 g of split 64476,29. The sample was fine-grained and 
contained moderately abundant fine-grained, white clasts. One sample split 
(~0.2 g) had a substantially darker coloured matrix and was separated for 
separate chemical analysis. From here on, the annotations LM (= lighter matrix) 
and DM (= darker matrix) will be used to refer to the two different varieties of the 
sample. After gentle crushing and before further processing I removed ~40 mg 
and ~1 mg of metal grains from the bulk of the LM and the DM part of the 
sample respectively. 
40 
2.3.14. Sample 64536 and 64537 (Apollo 16) 
Samples 64536 and 64537 are dimict breccias and were found in a blocky area 
up on Stone Mountain at station 4 (FIGURE 2-7). They constitute a mix of 
cataclastic anorthosite with impact melt rock. Even though the samples were 
collected as rake samples they are believed to be from the same rock due to 
their similar appearance. The impact melt part of 64536 has been described as 
fine-grained to glassy with coarser-grained areas of basaltic texture and finer-
grained areas of faintly poikilitic texture, while the melt part of 64537 displays a 
fine-grained poikilitic texture. 
For this study I had access to thin sections 64536,45 (FIGURE 2-39 and FIGURE 
2-40) and 64537,25 (FIGURE 2-41 and FIGURE 2-42). 
Thin section 64536,45 shows the dark impact melt rock part of sample 64536. 
The matrix is fine-grained with an ophitic texture. Enclosed in the matrix are 
metal grains and plagioclase clasts.  
Thin section 64537,25 shows the dark impact melt rock part of 64537. The melt 
rock part appears to be poikilitic, with a cryptocrystalline to fine-grained ophitic 
groundmass. Enclosed in the matrix are metal grains and plagioclase clasts. 
 
FIGURE 2-39: COLOUR THIN SECTION OF 
64536,45 USING REFLECTED LIGHT. SCALE AS 
IN FIGURE 2-40. 
 
FIGURE 2-40: COLOUR THIN SECTION OF 
64536,45 USING CROSS-POLARISED LIGHT.  
 
I was allocated ~2.3 g of split 64536,42. The sample was fine-grained and 
contained few medium-grained, white clasts. After gentle crushing and before 
further processing I removed ~5 mg of metal grains from the bulk of the sample.  
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FIGURE 2-41: COLOUR THIN SECTION OF 
64537,25 USING REFLECTED LIGHT. SCALE AS 
IN FIGURE 2-42. 
 
FIGURE 2-42: COLOUR THIN SECTION OF 
64537,25  USING CROSS-POLARISED LIGHT.  
 
I was allocated ~2.5 g of split 64537,22. The sample was fine-grained and 
contained few medium-grained, white clasts. After gentle crushing and before 
further processing I removed ~4 mg of metal grains from the bulk of the sample. 
 
2.3.15. Sample 64815 (Apollo 16) 
Sample 64815 is an impact melt rock, which was found at the rim of a small 
crater on Stone Mountain at station 4 (FIGURE 2-7). The sample exhibits a 
poikilitic texture (FIGURE 2-43 and FIGURE 2-44). Clasts and shock features are 
not reported.  
 
FIGURE 2-43: COLOUR THIN SECTION OF 
64815,5 USING PLANE-POLARISED LIGHT AT 
5X MAGNIFICATION. 
FIELD OF VIEW: 2.3 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 64815,5_JSC08479-P1 
 
FIGURE 2-44: COLOUR THIN SECTION OF 
64815,5 USING CROSS-POLARISED LIGHT AT 
5X MAGNIFICATION. 
FIELD OF VIEW: 2.3 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 64815,5_JSC08479-X1 
 
 
42 
I was allocated ~1 g of split 64815,28. The sample was fine-grained and did not 
contain any visible clast. After gentle crushing and before further processing I 
removed ~5 mg of metal grains from the bulk of the sample. 
 
2.3.16. Sample 65015 (Apollo 16) 
Sample 65015 is an impact melt rock, broadly similar to 60315 and 62235. It 
was collected at the lower slope of Stone Mountain at Station 5 (FIGURE 2-7). 
The sample exhibits a poikilitic texture (FIGURE 2-45 and FIGURE 2-46) and 
contains abundant plagioclase clasts and numerous lithic clasts.  
I was allocated ~3 g of a powder of split 65015,49. 
 
FIGURE 2-45: COLOUR THIN SECTION OF 
65015 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S72-44742 
 
FIGURE 2-46: COLOUR THIN SECTION OF 
65015 USING CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S72-44741 
 
2.3.17. Sample 65055 (Apollo 16) 
Sample 65055 is an impact melt rock, which was collected at the lower slope of 
Stone Mountain at Station 5 (FIGURE 2-7). The sample exhibits an intergranular 
to subophitic texture (FIGURE 2-47 and FIGURE 2-48) in which the plagioclase 
laths show undulose extinction, from which it has been inferred that they were 
lightly shocked. The sample also contains rare plagioclase clasts, which tend to 
be more heavily shocked. The shock features are not described in more detail 
(Ryder and Norman, 1980). 
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FIGURE 2-47: COLOUR THIN SECTION OF 
65055,34 USING PLANE-POLARISED LIGHT AT 
5X MAGNIFICATION. 
FIELD OF VIEW: 2.3 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 65055,34_JSC08517-P3 
 
FIGURE 2-48: COLOUR THIN SECTION OF 
65055,34 USING CROSS-POLARISED LIGHT AT 
5X MAGNIFICATION. 
FIELD OF VIEW: 2.3 MM  
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 65055,34_JSC08517-X3 
 
I was allocated ~2.9 g of split 65055,41. The sample was fine-grained and did 
not contain any visible clasts or metal grains. 
 
2.3.18. Sample 65075 (Apollo 16) 
Sample 65075 is a highly shocked impact melt breccia with black glass coating. 
It was found at the inner wall of a 20 m subdued crater at station 5 (FIGURE 
2-7). The sample exhibits mainly ophitic and subophitic as well as some 
poikilitic textured areas (FIGURE 2-49 and FIGURE 2-50; taken during this study). 
Embedded in the matrix are extremely strained and cataclastic plagioclase 
clasts, spinel clasts, as well as lithic (anorthositic micro breccia) clasts. The 
clast-matrix relationships are often confused. Devitrified areas can be found 
within the clasts as well as the crystalline matrix. 
I was allocated ~2.5 g of split 65075,19. The sample was fine-grained and did 
not contain any visible clasts. One sample split, containing a large metal grain 
(~42 mg), was separated. After gentle crushing and before further processing I 
removed ~25 mg of metal grains from the remaining bulk of the sample. 
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FIGURE 2-49: COLOUR THIN SECTION OF 
65075,11 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-50. 
 
FIGURE 2-50: COLOUR THIN SECTION OF 
65075,11 USING CROSS-POLARISED LIGHT. 
 
2.3.19. Sample 66095 (Apollo 16) 
Sample 66095 is an impact melt rock, which was part of a boulder that was 
found on the rim of a 10 m crater at the base of Stone Mountain at station 6 
(FIGURE 2-7). It exhibits a fine-grained subophitic to ophitic texture (FIGURE 2-51 
and FIGURE 2-52) containing a wide variety of mineral (plagioclase, olivine, 
spinel) and lithic clasts (anorthosite, troctolitic anorthosite, basalt). Shock 
features are not reported.  
 
FIGURE 2-51: COLOUR THIN SECTION OF 
66095,86 USING TRANSMITTED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S72-27744 
 
FIGURE 2-52: COLOUR THIN SECTION OF 
66095,86 USING CROSS-POLARISED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  S72-27745 
 
I was allocated ~3.1 g of a powder of split 66095,25.  
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2.3.20. Sample 67095 (Apollo 16) 
Sample 67095 is a glass-coated impact melt rock, likely a bomb from North Ray 
crater. It was found inside the rim of North Ray crater at station 11 (FIGURE 2-7). 
Anhedral plagioclase and pyroxene relicts up to ~0.5 mm across can be found 
embedded within the melt matrix of the sample (Warren and Wasson, 1978). 
There seems to be no detailed petrographic description of the melt part of the 
sample.  
Thin section 67095,38 (FIGURE 2-53 and FIGURE 2-54) displays an ophitic to 
subophitic texture. 
 
FIGURE 2-53: COLOUR THIN SECTION OF 
67095,38 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 67095,38_JSC08613-P2 
 
FIGURE 2-54: COLOUR THIN SECTION OF 
67095,38 USING  CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 67095,38_JSC08613-X2 
 
I was allocated ~3.0 g of split 67095,115. The sample was fine-grained and did 
not contain any visible clast. After gentle crushing and before further processing 
I removed ~4 mg of metal grains from the bulk of the sample. 
 
2.3.21. Sample 67235 (Apollo 16) 
Sample 67235 is an impact melt breccia, which was found at station 11 (FIGURE 
2-7). The sample exhibits poikilitic texture, containing plagioclase clasts 
(FIGURE 2-55 and FIGURE 2-56; taken during this study).  
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FIGURE 2-55: COLOUR THIN SECTION OF 
67235,4 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-56. 
 
FIGURE 2-56: COLOUR THIN SECTION OF 
67235,4 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~2.9 g of split 67235,8. The sample was fine-grained and did not 
contain any visible clasts or metal grains. 
 
2.3.22. Sample 67935 (Apollo 16) 
Sample 67935 is an impact melt rock with a crushed matrix containing black 
glass veins. It was part of Outhouse Rock, a boulder on the rim of North Ray 
crater, at station 11 (FIGURE 2-7). The sample exhibits a fine-grained subophitic 
texture (FIGURE 2-57 and FIGURE 2-58; taken during this study) and contains 
clasts of plagioclase or anorthosite.  
 
FIGURE 2-57: COLOUR THIN SECTION OF 
67935,24 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-58. 
 
FIGURE 2-58: COLOUR THIN SECTION OF 
67935,24 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~2.6 g of split 67935,12. The sample was fine-grained and did 
not contain any visible clasts. After gentle crushing and before further 
processing I removed ~4 mg of metal grains from the bulk of the sample. 
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2.3.23. Samples 68415 and 68416 (Apollo 16) 
Samples 68415 and 68416 are impact melt breccias, which were chipped off 
the top of a boulder on the rim of a 5 m crater within a ray from SRC (FIGURE 
2-7). The astronauts noted that the sampled area looked partially shocked, but 
no other shock features were reported so far. Sample 68415 has an exposure 
age older than the estimated age of South Ray crater (~ 2 Ma), therefore the 
samples might not represent South Ray crater ejecta. The samples exhibit 
intergranular textures (FIGURE 2-59, FIGURE 2-60, FIGURE 2-61 and FIGURE 
2-62). They also contain plagioclase xenocrysts and zones of vesicular 
material.  
 
FIGURE 2-59: COLOUR THIN SECTION OF 
68415 USING REFLECTED LIGHT AT 2.5X 
MAGNIFICATION. 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: S72-42358 
 
FIGURE 2-60: COLOUR THIN SECTION OF 
68415 USING  CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: S72-42359 
 
 
FIGURE 2-61: COLOUR THIN SECTION OF 
68416,76 USING REFLECTED LIGHT AT 2.5X 
MAGNIFICATION. 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER:  68416,76_JSC08731-P1 
 
FIGURE 2-62: COLOUR THIN SECTION OF 
68416,76 USING REFLECTED LIGHT AT 2.5X 
MAGNIFICATION. 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER:  68416,76_JSC08731-X1 
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I was allocated ~2.4 g of a powder of split 68415,211 and ~2.8 g of a powder of 
split 68416,20. 
 
2.3.24. Samples 72215, 72235, 72255 and 72275 (Apollo 17) 
Samples 72215, 72235, 72255 and 72275 were part of the layered boulder #1 
at Station 2 near the base of the slope of the South Massif (FIGURE 2-9). 
Samples 72215, 72235 and 72255 where weathered out as knobs from different 
layers of the parent boulder while sample 72275 is believed to represent the 
matrix of the boulder.  
Sample 72215 is a coherent, clast-rich impact melt breccia knob with aphanitic 
texture (FIGURE 2-63 and FIGURE 2-64). It contains small clasts of “granitic” 
material, a poikilitic anorthositic clast and troctolite basalt clasts. No shock 
features are reported. The sample is layered into different domains which are 
similar in chemical composition but not in colour and grain size.  
 
FIGURE 2-63: COLOUR THIN SECTION OF 
72215,185 USING CROSS-POLARISED LIGHT 
AT 4/1.25 MAGNIFICATION. 
SOURCE: LPI  
PHOTO NUMBER: RYDER00330 
 
FIGURE 2-64: COLOUR THIN SECTION OF 
72215,185 USING TRANSMITTED LIGHT AT 
4/1.25 MAGNIFICATION. 
SOURCE: LPI  
PHOTO NUMBER: RYDER00331 
 
Sample 72235 is an impact melt breccia knob with aphanitic texture (FIGURE 
2-65 and FIGURE 2-66). It contains a gabbroic anorthosite clast, a KREEP norite 
clast and granitic clasts. Like sample 72215 it has different domains which 
mainly differ by their grain size but not their chemical composition. Other than in 
sample 72215 the domains are arranged in a marbled texture (instead of a 
layered one). 
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FIGURE 2-65: COLOUR THIN SECTION OF 
72235,55 USING REFLECTED LIGHT AT 2.5X 
MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: 72235,55_JSC01543-R1 
 
FIGURE 2-66: COLOUR THIN SECTION OF 
72235,55 USING REFLECTED LIGHT AT 2.5X 
MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: 72235,55_JSC01543-X1-
ADJ 
 
Sample 72255 is a clast-rich, impact melt breccia knob with aphanitic texture 
(FIGURE 2-67 and FIGURE 2-68). It contains a large, shocked norite clast (with 
maskelynised plagioclase) and various small clasts (anorthositic, basaltic, 
granitic, mafic, plagioclase, opaque, glass). Like sample 72215 it has different, 
layered domains which mainly differ by their grain size but not their chemical 
composition.  
 
FIGURE 2-67: COLOUR THIN SECTION OF 
72255,104 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 72255,104_JSC00430-
P01-ADJ 
 
FIGURE 2-68: COLOUR THIN SECTION OF 
72255,104 USING CROSS-POLARISED LIGHT 
AT 2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: 72255,104_JSC00430-
X01-ADJ 
 
Sample 72275 is a fragmental polymict breccia knob with aphanitic texture 
(FIGURE 2-69 and FIGURE 2-70). The light feldspathic (brecciated) matrix (~60% 
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of the sample) contains clasts of darker micro breccia and other clast 
(anorthositic, basaltic, granitic, mafic, plagioclase, opaques, and glass). 
 
FIGURE 2-69: COLOUR THIN SECTION OF 
72275,148 USING TRANSMITTED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S79-27797 
 
FIGURE 2-70: COLOUR THIN SECTION OF 
72275,148 USING CROSS-POLARISED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S79-27798 
 
I was allocated powder fractions of the four samples: ~2.7 g of split 72215,212; 
~2.5 g of split 72235,247; ~2.2 g of split 72255,373; and ~2.3 g of split 72275,7.  
 
2.3.25. Sample 73235 (Apollo 17) 
Sample 73235 is an impact melt breccia which was found on the rim of a 10 m 
crater at station 3 within a region of “landslide material” from the South Massif 
(FIGURE 2-9).  It exhibits an aphanitic texture containing clasts with a seriate 
distribution (FIGURE 2-71 and FIGURE 2-72; taken during this study). The clast-
rich dark (brecciated) matrix is interlayered with lighter, more porous clastic 
breccia. Described clasts are olivine and lithic (anorthositic, noritic, troctolitic). 
The clasts within the sample display varying shock features described as 
ranging from “non-existent to strong” (Ryder, 1993). 
I was allocated ~2.8 g of a powder of split 73235,185. 
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FIGURE 2-71: COLOUR THIN SECTION OF 
73235,69 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-72. 
 
FIGURE 2-72: COLOUR THIN SECTION OF 
73235,69 USING CROSS-POLARISED LIGHT. 
 
2.3.26. Sample 76055 (Apollo 17) 
Sample 76055 a polymict impact melt breccia that was found at the North 
Massif at Station 6 (FIGURE 2-9). The sample consists of a fine-grained 
groundmass (FIGURE 2-73 and FIGURE 2-74) containing different mineral clasts 
(plagioclase, olivine) and lithic clasts (anorthositic, felsic, troctolitic, dunitic). The 
sample has three lithological domains that are described as ‘vesicular’, ‘blueish 
nonvesicular’ and ‘dense’. The matrix is generally described as aphanitic, 
although a fine-grained poikilitic texture was identified within the vesicular 
domain of the sample. The vesicular lithology is chemically slightly different to 
the nonvesicular one.  
 
FIGURE 2-73: COLOUR THIN SECTION OF 
76055,55 USING PLANE-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: 76055,55_JSC00532-P02-
ADJ 
 
FIGURE 2-74: COLOUR THIN SECTION OF 
76055,55 USING CROSS-POLARISED LIGHT AT 
2.5X MAGNIFICATION. 
FIELD OF VIEW: 2.85 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: 76055,55_JSC00532-X02-
ADJ  
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I was allocated powder fractions of two splits of sample 76055: ~1.1 g of split 
76055,87; and ~1.5 g of split 76055,88. From here on, sample split 76055,87 
will be referred to as 76055-A and 76055,88 as 76055-B. 
 
2.3.27. Sample 76235 (Apollo 17) 
Sample 76235 is a feldspathic granulitic impactite. The sample was found as 
large clast in the Station 6 boulder at the North Massif at station 6 (FIGURE 2-9). 
The texture (FIGURE 2-75 and FIGURE 2-76) has been described as 
poikiloblastic or relict clastic. The sample has been shown to have been 
metamorphosed by temperatures around 1100 °C.  
 
FIGURE 2-75: COLOUR THIN SECTION OF 
76235,17 USING TRANSMITTED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: S79-27664 
 
FIGURE 2-76: COLOUR THIN SECTION OF 
76235,17 USING  CROSS-POLARISED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S79-27665 
 
I was allocated ~2.5 g of a powder of split 76235,27. 
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2.3.28. Sample 77035 (Apollo 17) 
Sample 77035 is an impact melt breccia which was found on the regolith at the 
North Massif at station 7 (FIGURE 2-9). It exhibits a micropoikilitic texture 
(FIGURE 2-77 and FIGURE 2-78; taken during this study). The sample is 
distinguished from other Apollo 17 samples by the existence of small, aphanitic, 
dark grey clasts that are welded together in a “marble cake” pattern, even 
though the sample appears to be similar to boulders at station 6 and 7. It 
contains one large, pristine clast of highly shocked norite, which was partly 
converted to diaplectic glass. Other clasts have been identified to be 
anorthosite, norite and dunite.  
 
FIGURE 2-77: COLOUR THIN SECTION OF 
77035,79 USING PLANE-POLARISED LIGHT. 
SCALE AS IN FIGURE 2-78. 
 
FIGURE 2-78: COLOUR THIN SECTION OF 
77035,79 USING CROSS-POLARISED LIGHT. 
 
I was allocated ~0.5 g of a powder of split 77035,248 as well as split 77035,249. 
Sample 77035,248 was labelled as “matrix” and 77035,249 as “clast”. Therefore 
they are from here on referred to as 77035-M and 77035-C. 
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2.3.29. Sample 78155 (Apollo 17) 
Sample 78155 is a feldspathic granulitic impactite which was found in a small 
“pit crater” in the wall of a 15 m crater at station 8 (FIGURE 2-9). The texture 
(FIGURE 2-79 and FIGURE 2-80) has been described as granoblastic. The 
sample contains lithic highland clasts (anorthositic to noritic). The sample has 
been shown to have been metamorphosed by temperatures higher than 1100 
°C. 
 
FIGURE 2-79: COLOUR THIN SECTION OF 
78155,4 USING TRANSMITTED LIGHT 
(ORIGINAL DESCRIPTION SAYS REFLECTED 
LIGHT). 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE  
PHOTO NUMBER: S79-27703 
 
FIGURE 2-80: COLOUR THIN SECTION OF 
78155,4 USING CROSS-POLARISED LIGHT. 
FIELD OF VIEW: 1.4 MM 
SOURCE: LUNAR PHOTO DATABASE 
PHOTO NUMBER: S79-27704 
 
I was allocated ~2.8 g of a powder of split 78155,151.  
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2.4. Clast content and textures 
The textures of impact melt rocks can be used as one indicator for the cooling 
history of these rocks. The formation of different textures depends, among other 
factors (e.g. composition), on the cooling rate (for details see section 5.1.5). The 
cooling rate in turn can be affected, among other factors (e.g. size of the melt 
deposit), by the clast content, as the incorporation of cool clasts into the hot 
melt leads to a faster cooling or even undercooling of the melt (for details see 
section 5.1.5). Thus, one would assume that clast-rich samples should show 
textures that are associated with faster cooling rates. TABLE 2-1 gives an 
overview of the textures and clast contents of the samples studied here, which 
are used in FIGURE 2-81 to show the relationship between clast content and 
different textures in the studied Apollo 16 impact melt rocks and sample 14310. 
In general, samples with high clast contents tend to display textures that might 
be associated with slower cooling (e.g. poikilitic textures), while samples with no 
clast contents tend to display textures that are indicate faster cooling (e.g. 
intersertal textures). However there are also samples which are clast-rich and 
exhibit intersertal textures (61015, 62255), and a sample (64815) which exhibits 
a poikilitic texture despite containing no (reported) clasts. The trend that clast-
rich samples seem to have formed under slower cooling rates is opposite to 
what would have been expected. This indicates that the clast induced cooling is 
not the only mechanism for the development of different textures in the studied 
Apollo 16 samples. On the other hand, most of the Apollo 17 impact melt rocks 
exhibit aphanitic textures (TABLE 2-1), indicating faster cooling rates. As those 
samples are also clast rich (TABLE 2-1), the fast cooling rates during the 
formation of the Apollo 17 impact melt rocks could be due to clast induced 
cooling of the impact melt.3 
  
                                            
3
 For a more detail discussion on the relationship between cooling rate, clast content and textures, 
please see section 5.1.2 and 5.1.5.  
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TABLE 2-1: A LIST OF THE TEXTURES, CLAST CONTENT AND SHOCK FEATURES OF THE STUDIED 
SAMPLES, ACCORDING TO RYDER ET AL. (1980) AND MEYER (2012) AND REFERENCES THEREIN. 
*TEXTURE NOT PREVIOUSLY DESCRIBED FOR THIS SAMPLE. 
+
AFFECTED BY HIGH-T (~1100 °C) 
METAMORPHISM. FOR DETAILS SEE THE SECTION OF EACH SAMPLE WITHIN SECTION 2.3. [PLG = 
PLAGIOCLASE; OLV = OLIVINE] 
Sample Texture Clasts Shock features  
14310 subophitic to intergranular not reported not reported 
60315 poikilitic (granular to subophitic) plg, olv, opaques not reported 
60335 intergranular; ophitic; poikilitic lithic (anorthositic, troctolitic) shocked plg clasts 
60625 poikilitic plg, maf, lithic shocked plg and lithic clasts 
61015 intersertal 
Plg, olv, spinel, maskelynite, lithic 
(anorthosite, spinel troctolite, 
feldspathic) 
devitrified maskelynite clasts; 
glass veins and patches in 
matrix 
61016 subophitic plg, lithic 
maskelynite clasts; devitrified 
lithic clasts 
61156 poikilitic lithic (plg-rich) not reported 
62235 poikilitc plg, lithic not reported 
62255 intersertal to subophitic* plg not reported 
62295 intersertal to subophitic; variolitic plg, olv(?), lithic not reported 
63355 poikilitic lithic (anorthositic, noritic) 
shock lamellae in plg clasts; 
maskelynite clasts;  
(glass in matrix) 
63549 intergranular to subophitic* not reported not reported 
64475 cryptocrystalline to ophitic* plg not reported 
64476 cryptocrystalline to ophitic* plg not reported 
64536 poikilitic; ophitic* plg not reported 
64537 poikilitic (cryptocrystalline to ophitic*) plg not reported 
64815 poikilitic not reported not reported 
65015 poikilitic plg, lithic not reported 
65055 intergranular to subophitic plg 
lightly shocked plg laths; more 
heavily shocked plg clasts 
65075 ophitic, subophitic, poikilitic plg, spinel, lithic (anorthositic) matrix and clasts 
66095 subophitic to ophitic 
plg, olv, spinel, lithic (anorthosite, 
trotolitic anorthosite, basalt) 
not reported 
67095 subophitic to ophitic not reported not reported 
67235 poikilitc plg not reported 
67935 subophitic plg or lithic (anorthositic) glass veins in matrix 
68415 
intergranular plg 
whole rock appeared shocked 
to astronauts 68416 
72215 aphanitic 
lithic (anorthosite, granitic, troctolite 
basalt) 
not reported 
72235 aphanitic lithic (anorthositic, noritic, granitic) not reported 
72255 aphanitic 
plg, opaque, glass, lithic 
(anorthositic, noritic, basaltic, 
granitic, mafic) 
large shocked norite clast 
72275 aphanitic 
plg, opaque, glass, lithic 
(anorthositic, noritic, basaltic, 
granitic, mafic) 
not reported 
73235 aphanitic 
olv, lithic (anorthositic, noritic, 
troctolitic) 
shocked anorthosite clasts 
76055 aphanitic, poikilitic 
plg, olv, lithic (anorthositic, felsic, 
troctolitic, dunitic) 
not reported 
76235 poikiloblastic not reported not reported
+
 
77035 micropoikilitic lithic (anorthositic, noritic, dunitic) highly shocked big norite clast 
78155 granoblastic lithic (anorthositic, noritic) not reported
+
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FIGURE 2-81: DIAGRAM SHOWING CLAST CONTENT VS. TEXTURAL CHARACTERISTICS OF THE 
STUDIED APOLLO 16 IMPACT MELT ROCKS AND SAMPLE 14310. TEXTURES ARE ORDERED 
ACCORDING TO THE RATE OF CRYSTALLISATION THEY MIGHT INDICATE
4
 (FASTER 
CRYSTALLISATION TO THE RIGHT AND SLOWER TO THE LEFT). SAMPLES ARE SORTED IN REGARDS 
TO THEIR CLAST CONTENT IN THREE CATEGORIES (SEE INDIVIDUAL SAMPLE DESCRIPTIONS). 
THERE IS NO SUB-CLASSIFICATION OF THE SAMPLES BEYOND THE THREE CLAST CONTENT 
CATEGORIES. THIS MEANS THAT THE VERTICAL ORDER OF THE SAMPLES WITHIN THE 
CATEGORICAL FIELDS (E.G. POIKILITIC AND CLAST-RICH) IS NOT BASED ON DIFFERENT CLAST 
CONTENTS, BUT SOLELY AN ATTEMPT TO ACHIEVE THE MOST CLARITY WITHIN THE FIGURE. 
GROUPS 1 TO 3 INDICATE MAJOR CHEMICAL GROUPS (SEE SECTION 4.1.1.1), THE DIFFERENT 
COLOURS INDICATE DIFFERENT CHEMICAL SUBGROUPS (SEE SECTION 4.1.1.2 AND TABLE 4-6 
FOR THE COLOUR CODE). SAMPLES FOR WHICH SEVERAL TEXTURES HAVE BEEN REPORTED ARE 
SHOWN IN EACH TEXTURAL CATEGORY AND ARE CONNECTED BY DASHED ARROW HEADED LINES. 
*: INTERSTITIAL AREAS HAVE BEEN DESCRIBED TO BE SUBOPHITIC, WHILE THE OVERALL TEXTURE 
IS CLAST RICH AND POIKILITIC (SEE SECTION 2.3.2). FOR A MORE DETAILED DISCUSSION OF 
COOLING RATE, CLAST CONTENT AND TEXTURES PLEASE SEE SECTIONS 5.1.2 AND 5.1.5.  
                                            
4
 The here proposed sorting of the textures according to the cooling rate they might represent, is based 
on the following reasoning: if minerals in lunar crustal melts crystallise under equilibrium conditions in 
the sequence ‘plagioclase’  ‘plagioclase + olivine’  ‘plagioclase + orthopyroxene – olivine’ (Vaughan 
et al., 2013), then big plagioclase laths with filled interstitials indicate a relatively fast cooling. Slower 
cooling is indicated by subophitic, over ophitic to poikilitic texture, as it provides the time for more 
pyroxene to grow and to eventually form oikocrysts, i.e., a poikilitic texture (e.g., 60315; section 2.3.2). 
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2.5. Timing of shock events 
For the interpretation of the 40Ar/39Ar data it will be important to know if and to 
what degree a sample might have been shocked after the crystallisation of the 
impact melt itself, as the heating induced by a subsequent event can lead to 
degassing of argon from the sample. To estimate the shock pressures and 
postshock temperatures experienced by a sample, petrographic shock features 
can be used. For this study the shock feature vs. pressure relationships listed 
by French (1998; Table 4.2) were used (for a detailed discussion of this 
approach see section 5.2.2). Shock features have been reported for 11 of the 
samples studied here (see sample description above and TABLE 2-1). The 
shock pressures estimated from these features can be found in TABLE 2-25. In 
two of the samples (72275, 77035) the shock features have only been reported 
for clasts within the melt matrix. This indicates that the shock event recorded by 
these features occurred prior or during the melt-forming event, as a later shock 
event should have also had an effect on the matrix of the impact melts. Eight of 
the samples for which 40Ar/39Ar data were acquired show shock features within 
the impact melt matrix, i.e. petrographic features that indicate shock events 
after the melt-forming event. The estimated shock pressures are either very low 
(2 – 6 GPa, samples 68415 and 68416) or high (>40 GPa, sample 65075; >35 
GPa, samples 61015, 61016, 63355 and 67935). These shock pressures 
translate into estimated shock temperatures ranging from < 100 °C (68415 and 
68416) up to a maximum of 1500 °C (61015, 61016, 63355, 65075 and 67935). 
 
  
                                            
5
 Any of the other studied samples might have also experienced shock pressures, but the associated 
petrographic features might not have been identified yet. For the same reason the actual shock 
pressures of the listed samples might have been higher than estimated, as petrographic features 
indicating higher shock pressures might not have been identified in these samples. 
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TABLE 2-2: LIST OF ESTIMATED SHOCK PRESSURES FOR THE STUDIED SAMPLES, WHICH SHOW 
PETROGRAPHIC INDICATORS FOR SHOCK PRESSURES WITHIN THE IMPACT MELT MATRIX AND/OR 
WITHIN THE CLASTS. TO ESTIMATE THE SHOCK PRESSURE AND THE POST-SHOCK TEMPERATURE 
THE COMPARISION OF SHOCK PRESSURES, POST-SHOCK TEMPERATURES AND RELATED 
PETROGRAPHIC INDICATORS FROM FRENCH (1998; TABLE 4.2) WAS USED (FOR MORE DETAILS ON 
THAT APPROACH, SEE SECTION 5.2.2). THE LIST IS DIVIDED INTO SHOCK FEATURES THAT OCCUR IN 
THE MATRIX AND CLASTS OF THE SAMPLES. 
Sample Shock features 
Estimated 
Shockpressure [Ga] 
Estimated Postshock 
Temperature [°C] 
Matrix 
61015 glass veins and patches >35 – 60 > 300 – 1500 
61016 maskelynite > 35 > 300 
63355 glass in matrix >35 – 60 > 300 – 1500 
65055 
undulose extinction of 
plagioclase 
non-conclusive indicator of shocking 
65075 devitrified areas 45 – 60 900 – 1500 
67935 glass veins >35 – 60 > 300 – 1500 
68415 
rock fracturing 2 – 6 < 100 
68416 
Clasts 
61015 devitrified maskelynite 35 – 60 300 – 1500 
61016 
maskelynite – devitrified 
lithics 
35 – 60 300 – 1500 
63355 
deformation lamellae in 
plagioclase – maskelynite 
20 – 35 ~170 – 300 
65075 devitrified areas 45 – 60 900 – 1500 
72275 maskelynite 35 300 
77035 diaplectic glass >35 >300 
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3. Methods 
 
Three analytical methods were used to obtain the geochemical data presented 
in this study;  
1) Major and trace element compositions were measured via inductively 
coupled plasma mass spectrometry (ICP-MS), 2) 40Ar/39Ar isotopic 
determinations were used to provide age constraints, and 3) Sm-Nd and Rb-Sr 
isotopic compositions were measured using isotope dilution-thermal ionisation 
mass spectrometry methods (ID-TIMS). The details of the methods used are 
presented in this chapter.  
Section 3.1 describes the ICP-MS analysis sample preparation procedures, 
experimental settings, data reduction and data quality. 
Section 3.2 gives details on the sample preparation procedures as well as the 
instrument and experimental settings of the 40Ar/39Ar dating, and also on the 
calculation of formation and exposure ages from the acquired data. 
Section 3.3 presents the ID-TIMS sample preparation procedures, experimental 
settings, data reduction and data quality. 
 
3.1. Solution inductively coupled plasma mass spectrometry (ICP-MS) 
3.1.1. Sample preparation, major and trace element analysis 
Following, the different preparation steps (dissolving and dilution) for the ICP-
MS measurements are described. An overview flow chart of this sample 
preparation can be found in FIGURE 3-1. 
List of reagents: all were prepared by distillation in Teflon and all dilutions were 
made using Milli-Q 18.2 MOhm H2O: 
- Nitric acid (HNO3): concentrated (conc.) and 2% 
- Hydrofluoric acid (HF): 48% 
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- Internal Standard IS solution (IS): 2% HNO3 with known concentrations 
of Be, In, Re, and Bi.  
Two stock solutions of IS were used: 
ISa: Be: 5.1 ppm; In, Re, Bi: 0.5 ppm 
ISb: Be: 5.5 ppm; In, Re, Bi: 0.5 ppm 
Two batches (#1 & #2) of samples were prepared.  
Batch #1 contained the following samples: 60625, 61015, 61016, 61156, 62255, 
62255 MGM, 62295.179, 63355.56, 63549, 64475, 64476 LM, 60315, 60335, 
62235, 64476 DM, 64536, 64537, 64815, 65015, 65055, 65075, 66095, 67095, 
67235, 67935, 68415, 68416.  
Batch #2 contained the following samples: 72215, 72235, 72255, 72275, 73235, 
76055-A, 76055-B, 76235, 77035-M, 77035-C, 78155, 61156, 64476 LM, 
65075, 14310. 
Each batch also included reference materials BIR-1 (a basalt), W-2 (a diabase) 
and DNC-1 (a dolerite) as quality control standards to determine reproducibility 
and accuracy in samples of different compositions (section 3.1.3). Furthermore 
basaltic reference material BHVO-2 was used as a calibration standard (see 
TABLE 3-1) using concentrations presented by Eggins et al. (1997) for BHVO-1, 
with additional elements from the recommended values from the USGS (USGS, 
2012) and preferred values provided by Norman (2004, 2012). A procedural 
blank solution was prepared with every batch. 
All samples were prepared as follows: ~2 g of the rock sample were ground to a 
fine powder with an agate mortar and pestle. Metal grains within the sample 
which resisted grinding were removed6. For each sample a 20 mg aliquot of the 
powder was digested in 1 ml each of conc. HNO3 and 48% HF in a flat bottom, 
screw top Teflon beaker by refluxing for >24 hours on a hotplate. The samples 
were dried in a HEPA filtered downdraft hood; the resulting precipitate was then 
dissolved in 2 ml of conc. HNO3 and refluxed overnight. After drying, the 
precipitate was dissolved again in 4 ml of 2% HNO3 and refluxed overnight. 
Afterwards the solution was transferred to a 50 ml centrifuge tube and 400 µl of 
IS (Batch #1: ISa; Batch #2: ISb) were added. The solution was brought up with 
                                            
6
 The amounts removed per sample are listed in TABLE 4-1 in section 4.1. 
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2% HNO3 to a volume of 40 ml. The resulting solution (S1) was used for trace 
element analysis via ICP-MS.7 
By diluting S1 as follows a second solution (S2) was produced that was used for 
major element analysis via ICP-MS: 400µl of ISb were added to 400 µl of S1. 
The resulting solution was filled up with 2% HNO3 to a volume of 40 ml. 
ICP-MS measurements of S1 and S2 were done with a Varian 820 quadruple 
MS at RSES. Blanks and quality control standards (W-2, BIR-1, DNC-1) were 
repeatedly run in-between measurements (after 5-6 samples) to correct for shift 
of the blank signal and to assess accuracy and precision of the measurements 
(see section 3.1.3). The calibration standard (BHVO-2) was also repeatedly run 
in-between measurements (every 5-6 samples) to allow the calculation of 
elemental concentrations from the detected counts per second (see section 
3.1.2). 
  
                                            
7
 S1 was also used to analyse major element concentrations on an ICP-OES. However, the data quality 
(reproducibility of standards) of the produced data set was found to be insufficient. Therefore, the data 
set was discarded. 
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FIGURE 3-1: FLOWCHART GIVING AN OVERVIEW OF THE CHEMICAL PROCEDURES 
IN PREPARATION OF ICP-MS AND ICP-OES ANALYSES. 
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3.1.2. Data processing 
Data processing was done with an excel sheet, containing the calculations that 
will be described following. As mentioned in section 3.1.1 the sample solution 
(Sol) used for the ICP-MS measurements contains the sample (S), an internal 
standard (IS) and 2% HNO3 as a solvent. 
The weight of Sol was calculated from the sample weight (WS), the internal 
standard weight (WIS) and the solvent weight (WSolvent) as follows: 
Eq. 1 :  𝑾𝑺𝒐𝒍 = 𝑾𝑺 +𝑾𝑰𝑺 +𝑾𝑺𝒐𝒍𝒗𝒆𝒏𝒕 
The dilution factor (DF) was calculated as follows: 
Eq. 2:   𝐷𝐹 =
𝑊𝑆𝑜𝑙
𝑊𝑆
 
The internal standard dilution (DIS) was calculated as follows: 
Eq. 3:   𝐷𝐼𝑆 =
𝑊𝐼𝑆
𝑊𝑆𝑜𝑙
 
The normalisation factor for DF (NDIS,S) for an unknown sample relative to the 
BHVO-2 calibration solution was calculated from the internal standard dilution of 
the sample (DIS,S) and the internal standard of the calibration standard (DIS,CS) 
as follows: 
Eq. 4:   𝑁𝐷𝐼𝑆,𝑆 =
𝐷𝐼𝑆,𝑆
𝐷𝐼𝑆,𝐶𝑆
 
The normalised dilution factor (DFnorm) was calculated as follows: 
Eq. 5:   𝐷𝐹𝑛𝑜𝑟𝑚 = 𝐷𝐹 ∙ 𝑁𝐷𝐼𝑆,𝑆 
The internal standard contained 4 elements across the mass range (internal 
standard elements = ISE). The measured signal (in cps) of an ISE within the 
solution of the calibration standard (mISE,CS) may differ from that of the sample 
solution (mISE). The factor reflecting this difference (∆ISE) was calculated as 
follows: 
Eq. 6:   ∆𝐼𝑆𝐸 =
𝑚𝐼𝑆𝐸,𝐶𝑆
𝑚𝐼𝑆𝐸
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The isotopic mass-dependent drift-corrected signal (mE,drift) for a measured 
element (E) was calculated using the measured signal (mE), the isotopic mass 
(M) of the element (E) and isotopic masses of the bracketing ISE as follows: 
Eq. 7:   𝑚𝐸,𝑑𝑟𝑖𝑓𝑡 = 𝑚𝐸 ∙ [∆𝐼𝑆𝐸1 +
(𝑀𝐸−𝑀𝐼𝑆𝐸1)
(𝑀𝐼𝑆𝐸2−𝑀𝐼𝑆𝐸1)
∙ (∆𝐼𝑆𝐸2 −
∆𝐼𝑆𝐸1)] 
In the case that there was only one ISE with a higher or lower molar mass, 
mE,drift was calculated as follows: 
Eq. 8:   𝑚𝐸,𝑑𝑟𝑖𝑓𝑡 = 𝑚𝐸 ∙ ∆𝐼𝑆𝐸 
The drift and blank (B) corrected intensities for an element (mE,drift,blank) based on 
specific isotopes were calculated using the blank signal normalised to the ISE of 
the BHVH-2 calibration solutions (mE,B,drift) as follows: 
Eq. 9:   𝑚𝐸,𝑑𝑟𝑖𝑓𝑡,𝑏𝑙𝑎𝑛𝑘 = 𝑚𝐸,𝑑𝑟𝑖𝑓𝑡 −𝑚𝐸,𝐵,𝑑𝑟𝑖𝑓𝑡 
The concentration of an element (E) in the sample (cE) was calculated using the 
drift and blank corrected signal of the calibration solution (mE,CS,drift,blank), the 
concentration of the element within the calibration standard solution (cE,CS) and 
the normalised dilution factor of the sample (DFnorm,S) 
Eq. 10:  𝑐𝐸 =
𝑚𝐸,𝑑𝑟𝑖𝑓𝑡,𝑏𝑙𝑎𝑛𝑘
𝑚𝐸,𝐶𝑆,𝑑𝑟𝑖𝑓𝑡,𝑏𝑙𝑎𝑛𝑘
∙ 𝑐𝐸,𝐶𝑆 ∙ 𝐷𝐹𝑛𝑜𝑟𝑚,𝑆 
cE,CS is calculated using DF of the BHVO-2 standard solution and the elemental 
values for BHVO-2 shown in Table 3-1. These values are compiled data from 
Eggins et al. (1997), the USGS (2012) and elemental data provided by Norman 
(2004, 2012). 
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TABLE 3-1: LIST OF MAJOR AND TRACE ELEMENT CONCENTRATIONS USED FOR ROCK STANDARDS 
IN THIS STUDY. THE RECOMMENDED STANDARD VALUES (CREC) AND ASSOCIATED STANDARD 
DEVIATION (ϬREC) FOR THE QUALITY CONTROL STANDARDS AND THE CREC FOR THE CALIBRATION 
STANDARDS ARE FROM EGGINS ET AL. (1997), THE USGS (2012) [*] AND NORMAN (2012; 2004) 
[**]. 
Element 
Quality control standards Calibration standards 
crec [ppm] σrec [%] crec [ppm] 
W-2 
[n=11] 
BIR-1 
[n=15] 
DNC-1 
[n=6] 
W-2 
[n=11] 
BIR-1 
[n=15] 
DNC-1 
[n=6] 
BHVO-1 BHVO-2 
Li 9.59 3.32 5.08 1.8 2.5 1.8 4.9 4.7** 
Na* 16321 13501 14021 1.68 2.47 3.02 16400 16400 
Mg* 38416 58498 61092 0.91 0.81 1.09 43600 43600 
Al* 81766 82030 97060 1.04 0.97 0.93 71600 71600 
P* 611 92 305 85.76 4.35 7.21 1200 1200 
K* 5197 249 1943 1.92 10.04 3.86 4300 4300 
Ca* 77616 95054 82118 0.72 0.90 0.61 81700 81700 
Sc 36.2 43.8 31.1 2.60 1.90 1.90 31.8 32.4** 
Ti 6700 6036 3141 6.00 9.80 11.90 16610 16610* 
V 270 322 157 4.80 4.30 4.00 321 285** 
Cr 92 412 291 1.90 2.70 2.80 289 280** 
Mn* 1293 1355 1162 2.40 1.70 1.98 1290 1290 
Fe* 75748 79036 69734 1.94 1.06 1.50 86300 86300 
Co 46 53 57 2.4 2.5 1.6 45 45 
Ni 74 175 264 1.5 1.3 1.9 120 120 
Cu 104 113 86 2.3 2.4 2.2 136 129** 
Zn 76 65 57 4.6 3.6 6.7 105 105 
Ga 17.4 15.2 13.7 1.2 1.5 1.5 21 21 
Rb 20.1 0.195 3.6 0.9 2.9 1.5 9.5 9.4** 
Sr 191.8 106.4 141.4 0.8 0.8 0.6 390 396** 
Y 22.8 16.2 18.03 0.8 0.6 0.5 28 24.9** 
Zr 92 14.47 36.4 1.5 1.1 0.5 180 175** 
Nb 7.76 0.558 1.564 0.8 0.8 0.6 19.5 18.8** 
Mo 0.43 0.037 0.121 3.3 17.1 13.8 1 1 
Cd 0.057 0.05 0.064 4.5 3.5 3.4 0.069 0.075** 
Sn 1.95 0.88 2.46 5.2 10.3 11.3 2.3 2.09** 
Sb 0.794 0.5 0.87 3.1 15.1 1.4 0.17 0.17 
Cs 0.916 0.0053 0.213 1.2 5.1 3.4 0.1 0.1 
Ba 171 6.52 104.5 0.7 1.3 0.7 133 133 
La 10.59 0.604 3.658 0.9 1.2 1.1 15.5 15.5 
Ce 23.08 1.897 8.17 0.7 0.9 0.9 38 38 
Pr 3.027 0.378 1.113 0.7 1.1 0.3 5.45 5.45 
Nd 12.95 2.38 4.95 0.5 1 0.8 24.7 24.7 
Sm 3.31 1.117 1.44 0.5 1.5 1.2 6.17 6.17 
Eu 1.093 0.524 0.592 0.6 1 0.5 2.06 2.06 
Gd 3.69 1.85 2.02 0.7 1 0.6 6.22 6.22 
Tb 0.622 0.379 0.39 0.7 1.3 1.1 0.95 0.95 
Dy 3.79 2.53 2.71 1.1 0.9 0.9 5.25 5.25 
Ho 0.798 0.585 0.638 0.9 1.1 1.1 1 1 
Er 2.26 1.734 1.945 0.8 0.8 1.2 2.56 2.4** 
Yb 2.03 1.649 1.915 1.4 1.1 0.7 1.98 1.98 
Lu 0.299 0.247 0.292 1.4 1 0.9 0.278 0.278 
Hf 2.3 0.562 0.955 2 1.3 1 4.3 4.3 
Ta 0.483 0.041 0.089 1.8 2.3 1.6 1.2 1.2 
Pb 7.81 2.97 6.47 1.3 1.4 0.9 2.1 1.6** 
Th 2.21 0.0302 0.24 1.3 2.9 2.1 1.26 1.26 
U 0.497 0.01 0.0549 1.2 6.7 2.2 0.42 0.42 
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3.1.3. Data quality 
The quality control standards (W-2, BIR-1, DNC-1) were measured 4 times 
during the two measurement sessions of S1 and S2 (i.e., in total 8 times). The 
reproducibility (1-sigma standard deviation; σmes) for each element was 
calculated from these 8 measurements. Also calculated was the accuracy (ames) 
of the elemental measurement, by calculating the percentage difference 
between the average of the 8 measurements and the recommended 
concentrations for those standards tabulated in TABLE 3-1. 
Generally, the achieved values for σmes and ames are ≤ 3%, and therefore a 
general reproducibility (σ) of ±3%8 is assigned as an conservative estimate to 
the data set (TABLE 3-2 and TABLE 3-3). However, the measured elemental data 
for P, Mo, Cd, Sb, Cs, Pb and U were not used due to high σmes values (>> 3%) 
of 2 or 3 of the quality control standards. Furthermore, the elemental data of Cu, 
Zn, Sn and Pb were discarded due to high ames values (>> 3%) of two or three 
of the quality control standards. High σmes values were also found for one of the 
measured quality control standards in the measurements of Cr and Th. 
However, in these cases the concentration in the standard was lower than the 
concentrations of these elements in the studied impact melt rocks, and the other 
two quality control standards with higher concentrations show good σmes values. 
The σmes values measured for Zr and Th were found to be slightly higher (~ 4%) 
than the general reproducibility of the data set of 3%. Therefore, the general 
reproducibility of these two elements is assigned to be 4%. 
  
                                            
8
 σ is based on the ≤ 3% of σmes, while ames was used to evaluate whether the method produces accurate 
values for a given element, i.e. ames ≥ 3% (i.e. σ) indicates that the method does not produce accurate 
values for the particular element (and the measurements were accordingly discarded/not considered). 
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TABLE 3-2: REPRODUCIBILITY AND ACCURACY ASSESSMENT OF MAJOR ELEMENT MEASUREMENTS. 
LISTED ARE THE STANDARD DEVIATION OF MEASURED MAJOR ELEMENT STANDARD VALUES (ϬMES) 
AND ACCURACY OF MEASURED MAJOR ELEMENT STANDARD VALUES (AMES) MEASURED ON THE S2 
SOLUTIONS (SEE SECTION 3.1.1). THE ASSIGNED REPRODUCIBILITY (Ϭ) IS SHOWN NEXT TO EACH 
OF THE FINALLY USED ELEMENTS. COLOUR CODING: RED – ELEMENTAL DATA NOT USED; BLUE – 
ELEMENTAL DATA NOT USED, BUT DATA SUCCESSFULLY MEASURED WITH S1 SOLUTION (TABLE 
3-3); ORANGE – ϬMES > 3%, OR ϬMES > ϬREC (SEE TABLE 3-1) IN CASES WHERE ϬREC > 3%; YELLOW 
- AMES > 3%, OR AMES > ϬREC (SEE TABLE 3-1) IN CASES WHERE ϬREC > 3%; GREEN – AS FOR 
ORANGE OR YELLOW, BUT THE CONCENTRATION IN THE STANDARDS IS LOWER THAN IN THE 
MEASURED LUNAR IMPACT MELT ROCKS. 
Element 
(σ) 
Quality control standards Solution 2 (S2) 
σmes [%] ames [%] 
W-2 [n = 8] BIR-1 [n = 8] DNC-1 [n = 8] W-2 [n = 8] BIR-1 [n = 8] DNC-1 [n = 8] 
Na (3%) 1 3 4 3 2 0.4 
Mg (3%) 2 2 1 0.2 3 1 
Al (3%) 2 2 1 0.4 1 0.3 
P 35 1251 149 1 497 32 
K 6 644 8 5 400 4 
Ca (3%) 2 2 1 0.2 2 2 
Ti (3%) 2 1 1 1 2 0.3 
Cr (3%) 14 3 3 16 1 0.4 
Mn 2 2 0.5 2 6 4 
Fe (3%) 2 2 1 1 2 2 
 
  
70 
TABLE 3-3: REPRODUCIBILITY AND ACCURACY ASSESSMENT OF TRACE ELEMENT MEASUREMENTS. 
LISTED ARE THE STANDARD DEVIATION OF MEASURED MAJOR AND TRACE ELEMENT STANDARD 
VALUES (ϬMES) AND ACCURACY OF MEASURED MAJOR AND TRACE ELEMENT STANDARD VALUES 
(AMES) MEASURED ON THE S1 SOLUTIONS (SEE SECTION 3.1.1). THE ASSIGNED REPRODUCIBILITY 
(Ϭ) IS SHOWN NEXT TO EACH OF THE FINALLY USED ELEMENTS. COLOUR CODING: RED – 
ELEMENTAL DATA NOT USED; BLUE – ELEMENTAL DATA NOT USED, BUT DATA SUCCESSFULLY 
MEASURED WITH S2 SOLUTION (TABLE 3-2); ORANGE – ϬMES > 3%, OR ϬMES > ϬREC (SEE TABLE 
3-1) IN CASES WHERE ϬREC > 3%; YELLOW - AMES > 3%, OR AMES > ϬREC (SEE TABLE 3-1) IN CASES 
WHERE ϬREC > 3%; GREEN – AS FOR ORANGE OR YELLOW, BUT THE CONCENTRATION IN THE 
STANDARDS IS LOWER THAN IN THE MEASURED LUNAR IMPACT MELT ROCKS. 
Element 
(σ) 
Quality control standards Solution 1 (S1) 
σmes [ppm] ames [%] 
W-2 [n = 8] BIR-1 [n = 8] DNC-1 [n = 8] W-2 [n = 8] BIR-1 [n = 8] DNC-1 [n = 8] 
Li (3%) 2 3 1 1 4 2 
Na 1 2 1 2 0.1 3 
K (3%) 1 1 1 0.1 34 1 
Sc (3%) 1 2 1 1 2 4 
Ti (3%) 1 2 1 2 3 4 
V (3%) 2 1 1 0.2 10 1 
Cr 2 1 2 3 7 2 
Mn (3%) 1 2 1 0.03 2 1 
Fe 2 2 1 1 1 2 
Co (3%) 1 2 1 3 1 3 
Ni (3%) 1 2 2 4 0.1 2 
Cu 1 2 4 6 6 14 
Zn 1 2 0.4 1 8 12 
Ga (3%) 2 2 1 0.3 1 1 
Rb (3%) 2 1 2 2 1 3 
Sr (3%) 1 2 1 2 4 2 
Y (3%) 1 2 1 3 9 4 
Zr (4%) 4 2 3 4 4 2 
Nb (3%) 1 3 1 1 1 4 
Mo 8 8 23 281 11 128 
Cd 4 9 8 31 16 71 
Sn 2 3 2 13 8 62 
Sb 2 6 5 43 40 38 
Cs 4 32 2 2 10 1 
Ba (3%) 1 1 0.4 2 2 1 
La (3%) 2 3 1 2 2 1 
Ce (3%) 1 3 1 3 1 0.2 
Pr (3%) 1 2 1 2 1 0.4 
Nd (3%) 1 2 1 2 1 0.3 
Sm (3%) 1 2 1 1 1 0.3 
Eu (3%) 2 2 1 2 1 1 
Gd (3%) 1 3 2 1 0.3 0.2 
Tb (3%) 1 2 1 0.3 4 0.2 
Dy (3%) 1 2 1 0.3 1 1 
Ho (3%) 1 2 1 1 1 1 
Er (3%) 1 3 1 1 8 1 
Yb (3%) 2 3 1 0.2 1 0.2 
Lu (3%) 1 3 1 1 1 1 
Hf (3%) 3 3 1 3 0.1 1 
Ta (3%) 2 6 2 0.4 15 8 
Pb 4 3 5 22 5 14 
Th (4%) 4 4 1 2 5 5 
U 4 10 3 1 26 4 
  
71 
3.2. 40Ar/39Ar dating 
Sample preparation and 40Ar/39Ar analyses were done at the Western Australian 
Argon Isotope Facility at Curtin University. The following section will describe 
the sample preparation (section 3.2.1), the instrumentation and settings (section 
3.2.2) and give details on the calculation of the formation ages (section 3.2.3) 
and exposure ages (section 3.2.4). 
 
3.2.1. Sample preparation for 40Ar/39Ar dating 
Single particles for 40Ar/39Ar dating were picked and processed at 40Ar/39Ar 
laboratory at Curtin University (Perth) by Mrs Celia Mayers. Particles were 
selected to be as visually homogenous as possible, ideally to be pristine mineral 
separates of plagioclase (Jourdan, 2012). Particles are generally several 
hundreds of µm long (~ 600 - 800 µm) and wide (~ 400 - 600 µm) and have 
rounded edges. The samples were sent for neutron irradiation (40h) to the 
USGS TRIGA reactor (Denver) by Dr. Fred Jourdan and returned afterwards for 
analysis. The standard Hb3gr (a hornblende, 1.074 Ga; Jourdan et al., 2006) 
was included to establish the J-value, which reflects the radiation process.  
The following samples were prepared: 14310, 60315, 60335, 60625, 61015, 
61016, 61156, 62235, 62255, 62295, 63355, 63549, 64536, 64537, 64475, 
64476, 64815, 65055, 65075, 67095, 67235, 67935, 68415, and 68416. 
 
3.2.2. Instrumentation and Settings 
The majority of the 40Ar/39Ar measurements were done during a lab visit by the 
author to Curtin University, Perth, in 2012. 25 samples (and the Hb3gr 
standards) were measured during that time using a `MAP215-50 mass 
spectrometer` coupled with a `NewWave Nd-YAG dual IR (1064) and UV (216 
nm) laser`, an electron multiplier detector, and Nier source. The laser was used 
for stepwise heating of the samples. A second batch of samples (61016#2, 
61156#2, 62235#2, 62295#2) was prepared and analysed on a newer mass 
spectrometer (ARGUS VI) in 2014 by Dr. Fred Jourdan. 
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The released gas was analysed for 36Ar, 37Ar, 38Ar, 39Ar and 40Ar. A blank was 
measured every 4 heating steps to correct for shift of the blank signal. The 
calculation of the formation and exposure ages from the measured argon 
isotopic data is described in detail in section 3.2.3 and 3.2.4 respectively. The 
standard Hb3gr is suitable for 40Ar/39Ar geochronology of Precambrian samples 
(Jourdan et al., 2006), which is the expected age for the samples in this study. 
 
3.2.3. Formation ages 
The data reduction and calculation of the formation ages was done by Dr. Fred 
Jourdan using ArArCALC (Koppers, 2002). The formation age (t) is obtained 
using the total decay constant for K (λ), the measured 40Ar/39Ar ratio and the 
radiation parameter J (reflecting the duration of irradiation, the neutron flux 
densities and the capture cross sections of 39K for the entire energy spectrum of 
the neutrons) over the following equation (Faure and Mensing, 2005): 
Eq. 11:  𝑡 =
1
𝜆
ln(
𝐴𝑟40
𝐴𝑟39
∙ 𝐽 + 1) 
The variety of measured argon isotopes allows for correction of interfering 
nuclear reactions caused by the neutron irradiation of calcium, potassium, 
argon and chlorine (Faure and Mensing, 2005). The 37Ar component is used to 
correct for 38Ar induced by spallation from 40Ca. The 38Ar component in turn is 
used to correct for 36Ar that stems from the decay of 37Cl. The 36Ar component 
then is used to account for excess argon, which in turn can affect the 40Ar 
component. For this, the inverse isochron approach (Jourdan, 2012) was used, 
which allows determination of the exact 40Ar/36Ar ratio of the excess argon 
component (see section 5.2.4). 
 
3.2.4. Exposure ages 
The calculation of exposure ages was done with an Excel sheet, containing the 
mathematical operations that will be described following. The calculation of the 
cosmic ray exposure ages (and the values of the used parameters) are based 
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on the descriptions given by Turner et al. (1971), Cohen et al. (2001) and 
Levine et al. (2007). 
This method is based on the production of 38Ar from Ca by spallation due to 
solar radiation. To calculate the exposure age, the 38Ar/Ca ratio in the sample 
needs to be known as well as the production rate of 38Ar from Ca (P38). P38 is 
assumed to be 1.4*10-8 cm3(STP)/[g(Ca)*Ma] (Turner et al., 1971). 
The 38Ar/Ca can be calculated using a set of parameters and data obtained 
from a 38Ar/36Ar-37Ar/36Ar cosmochron (using 37Ar as proxy for the Ca content of 
the sample). The required ratios of 38Ar/36Ar and 37Ar/36Ar were calculated from 
the measured single isotopes. These ratios are plotted in a diagram 38Ar/36Ar 
against 37Ar/36Ar. The slope (m) and the 38Ar/36Ar axis intercept of the resulting 
cosmochron were determined using Isoplot (Ludwig, 2012). However, the 
38Ar/36Ar axis intercept is supposed to reflect the solar 38Ar/36Ar ratio as it 
depicts a gas fraction derived from a part of the sample that does not contain 
any Ca and therefore reflects the pure 38Ar/36Ar components incorporated by 
the solar wind. This value was set to 0.1835 determined by Benkert et al. 
(1993). The cosmogenic 38Ar/36Ar ratio (produced by spallation from Ca) is 
assumed to be 1.6 (Turner et al., 1971).The 38Ar/Ca ratio calculation uses a 
parameter to incorporate the K decay constant and the unit conversion to make 
38Ar/Ca into units of cm3(STP)/g(Ca) which has the value 7.012*10-3 (Cohen et 
al., 2001). Furthermore the calculation of 38Ar/Ca includes the experimental 
determined J-value and α coefficient (0.518): 
Eq. 12:  
𝐴𝑟38
𝐶𝑎
= 𝑚 ∙
1
1−
(
𝐴𝑟38
𝐴𝑟36
)
𝑠𝑜𝑙𝑎𝑟
(
𝐴𝑟38
𝐴𝑟36
)
𝑐𝑜𝑠𝑚𝑜𝑔𝑒𝑛𝑖𝑐
∙ 0.007012 ∙ 𝐽 ∙ 𝛼 
From the 38Ar/Ca ratio the exposure age (texp) is calculated using P38 as follows: 
Eq. 13:  𝑡𝑒𝑥𝑝 =
𝐴𝑟38
𝐶𝑎
𝑃38
 
The 2σ value of the exposure age was determined by error propagation of the 
assigned 2σ value of the measured argon isotopes and the parameters J, the 
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cosmogenic 38Ar/36Ar ratio (+/-0.1; Levine et al., 2007) and the solar 38Ar/36Ar 
ratio (+/-0.0015; Benkert et al., 1993). 
Following Hui et al. (2009), exposure ages are considered if they have a 
probability of fit (P) ≥ 0.05.  
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3.3. Isotope dilution thermal ionisation mass spectrometry (TIMS) 
Preparations for isotopic analyses of Rb, Sr, Sm and Nd via thermal ionisation 
mass spectrometry (TIMS) were done at the ‘SPIDE2R’ (Sensitive and Precise 
Isotopic Dating of Earth and Extraterrestrial Rocks) facilities at RSES. The mass 
spectrometers used were a Thermo Triton Plus and a refurbished Finnigan 
MAT261. The following section will describe the chemical sample preparation 
procedures and the settings of the TIMS (section 3.3.1), give an overview over 
the data reduction process (section 3.3.2), and assess the data quality (section 
3.3.3). 
 
FIGURE 3-2: FLOWCHART GIVING AN OVERVIEW OF THE CHEMICAL PROCEDURES IN 
PREPARATION OF TIMS ANALYSES. 
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3.3.1. Sample preparation and TIMS settings 
Following, the different preparation steps (dissolution and spiking, subsequent 
chemical separation procedures and loading procedure) as well as the settings 
chosen for the TIMS measurements are described in detail. An overview flow 
chart for the sample preparation prior to the TIMS measurements can be found 
in FIGURE 3-2. 
 
Sample Dissolution and Spike Equilibration 
An aliquot (20-100 mg9) of the powder produced from each sample (see section 
3.1.1) was weighed into a 15 ml flat bottom Teflon beaker, and quantitative 
aliquots of 87Rb-84Sr (ANULORbSr) and 147Sm-150Nd (ANU-1) mixed spike 
solutions were added. The mixture was dissolved and equilibrated in a mixture 
of 1 ml conc. HNO3 and 1 ml conc. HF by refluxing at 110 °C for 3 days. The 
mixture was then dried down, and the precipitate brought up in 1 ml 6.2 M HCl 
and 1 ml conc. HF, and again refluxed at 110 °C for 3 days. The mixture was 
dried down and the precipitate brought up in 1 ml 1M HNO3 and equilibrated by 
refluxing at 90 °C overnight. After cooling down, any insoluble residues were 
removed from the solution via centrifugation. 
 
TRU.spec Column chemistry 
The solution was then run through a TRU.spec column10 to separate the non-
REE fractions (containing Rb and Sr) from the REE-fraction (Pin et al., 1994). 
After packing of the TRU.spec column with batch pre-cleaned resin, the resin 
was cleaned again with 3 M HCl and then conditioned with 2 M HNO3. The 
samples were loaded on the columns in 1 M HNO3 in 0.3 ml aliquots. Following, 
the non-REE fraction was eluted using 1 M HNO3 (5 x 1 ml). The loading 
volume and the first 2 elution washes of each sample were collected in a single 
teflon beaker, and the last 3 washeIns discarded. Afterwards the acidic medium 
                                            
9
 Mass was chosen to have ~ 1 µg of Nd in fraction 
10
 350 µl teflon column; 1/3 Eichrom pre-filter resin (100-150 microns) and 2/3 TRU.Spec resin (50-100 
microns) on top 
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was changed by using 0.3 ml of 0.2 M HCl and then 3 M HCl (4 x 1 ml) was 
used to elute the REE-fraction. All HCl washes (including the 0.2 M HCl wash) 
of each sample were collected in a single teflon beaker.  
 
Sr.spec column chemistry 
A part11 of the non-REE fraction (containing Rb and Sr), coming from the 
TRU.spec column chemistry, was run through a Sr.spec column12 to separate 
Rb from Sr (Pin et al., 1994). After packing of the Sr.spec column, the pre-
cleaned resin was cleaned again with 0.02 M HNO3, 7 M HNO3 and again with 
0.02 M HNO3. The resin was then conditioned using 2 M HNO3. The samples 
were loaded on the column in 2 M HNO3 in 0.3 ml aliquots. Following, the matrix 
fraction (containing Rb) was eluted using 2 M HNO3 (6 x 1 ml). The loading 
volume and the first 2 elution washes of each sample were collected in a single 
teflon beaker, and the last 4 washes discarded. The resin was then cleaned 
from Ba using 7 M HNO3 (2 x 1 ml) and then the acidic medium changed back 
by using 0.3 ml of 2 M HNO3. Following, the Sr fraction was eluted using 0.02 M 
HNO3 (1 x 0.3 ml followed by 5 x 1 ml). All elution washes were collected in a 
single teflon beaker. 
 
Ln.spec column chemistry 
The REE fraction (containing Sm and Nd), coming from the TRU.spec column 
chemistry, was dried down, brought up in 0.25 ml of 0.2 M HCL and then run 
through a Ln.spec column13 to separate Sm from Nd (Pin and Santos 
Zalduegui, 1997). The pre-packed Ln.spec column was cleaned with 6 M HCl 
and then conditioned using 0.2 M HCl. The whole sample fraction (0.25 ml, 0.2 
M HCl) was loaded on the columns in one go. Following, the matrix was eluted 
using 0.2 M HCl (1 x 0.25 ml, 2 x 1 ml, 1 x 4 ml, 1 x 3 ml). After this the Nd 
fraction were collected in further 0.2 M HCl washes (1 x 4 ml, 1 x 3 ml). More 
matrix was eluted using 0.4 M HCl (1 x 4 ml). After this the Sm fraction was 
                                            
11
 Fraction was chosen to contain ~ 2 µg of Sr 
12
 300 µl teflon column; 1/3 Eichrom pre-filter resin (100-150 microns) and 2/3 Sr.Spec resin (100-150 
microns) on top 
13
 Ln resin SPS 50-100 µl; 75 mm resin bed length 
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collected in a further 0.4 M HCl wash (1 x 4 ml). Afterwards the column was 
cleaned with 6 M HCl, equilibrated using 0.2 M HCl and then stored in 0.2 M 
HCl until the next use. 
 
Loading procedures and measurement settings 
The collected fractions of Sr, Sm and Nd were dried down with 8 drops (~ 1/2 µl 
each) of a 0.02 N H3PO4 solution (diluted Seastar acid) to ensure concentration 
of the materials within a single small droplet. Of the Rb-containing fraction only 
a small part was dried down with H3PO4. The amount taken from the Rb-
containing fraction was chosen to contain sufficiently high concentrations of Rb 
for analysis (≥ 20 pg), while not containing too much matrix material (< 10 µg)14 
for the used loading technique (see below).  
All fractions (Sr, Rb, Sm, Nd) were loaded on outgassed Re filaments in a clean 
air station. The filaments were initially heated using a current of 0.8 A for 
loading. After loading the samples were slowly dried down by increasing the 
temperature of the filaments by increasing the current by 0.1 A every 30 s until 
a maximum current of 2 A. Finally, the current was then increased quickly to ~ 
2.2-2.5 A until the filament started glowing, at which point the current was 
switched off. 
All measurements (on the Triton and MAT261) were done on Faraday cups in 
static collection mode using 1011 ohm resistors, except some Rb measurements 
on the MAT261 for which an ion counter with peak jumping was used. 
The Rb fractions were loaded with a pipette on outgassed zone-refined Re 
filaments using 1 µl of a silica gel solution (Sigma Aldrich, SiO2 + Al2O3 0.5%) 
(Amelin, 2013). The single filament measurements were done at the MAT261. 
Analysis contained 6 blocks of 10 scans and a baseline measurement at the 
beginning of the run. Two to four unspiked mica15 standards (FIGURE 3-3) were 
measured during a one day analytical session and in the data reduction (section 
3.3.2) used for fractionation correction. 
                                            
14
 The low abundance of matrix material was furthermore “visually” confirmed by checking the clarity of 
the resulting H3PO4 droplet containing the Rb. A clear, non-coloured droplet indicated that the 
contamination of matrix was negligible (Amelin, 2013). 
15
 Provided by Dr. Yuri Amelin 
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Half of the Sr fractions (~ 500 ng to 1 µg Sr) were loaded with a pipette on 
outgassed zone-refined Re filaments with 1 µl TaF5 activator (Charlier et al., 
2006). The single filament measurements were done on the Triton. Analyses 
were conducted in static mode and consisted of 20 blocks of 10 scans of 8 s 
integration each with a 30 s baseline measurements every 3 blocks. Potential 
87Rb interference was monitored using 85Rb. SRM987 quality control standards 
(see section 3.3.3) were usually measured at the beginning and the end of the 
day, and sometimes in between (FIGURE 3-4). The typical ion beam intensity 
was 4-6 volts of 88Sr. 
Half of each Sm fractions (~ 0.1 µg Sm) were loaded with a pipette on 
outgassed standard Re filaments with 1 µl of 2 M HNO3. The double filament 
measurements were done on the Triton. Potential Nd interferences were 
monitored using 146Nd. Analyses contained 6 blocks of 12 scans and a 30 s 
baseline measurement at the beginning of the run. The ion beam intensity used 
was >100 millivolts of 149Sm 
Half of each Nd fractions (~ 0.5 µg Nd) were loaded with a pipette on outgassed 
standard Re filaments with 1 µl of 0.5 M HNO3. The double filament 
measurements were done at the Triton. Analysis contained 18 blocks of 10 
scans of 8 s integration and 30 s baseline measurements every 3 blocks. 
Potential Sm interferences were monitored using 147Sm. An AMES (GSC; see 
section 3.3.3) quality control standard was usually measured at the beginning 
and the end of the day, and sometimes in between (FIGURE 3-5). The typical ion 
beam intensity was 1-3 volts of 143Nd. 
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FIGURE 3-3: 
85
RB/
87
RB RATIOS MEASURED FOR MICA STANDARDS DURING THE ANALYTICAL SESSIONS OF RB ISOTOPE ANALYSES 
ON THE MAT261 IN THIS STUDY. EACH VALUE IS SHOWN WITH THE 2Ϭ STANDARD ERROR OF THE MEASUREMENT. THE BLACK LINE 
AT 2.5988 INDICATES THE AVERAGE CALCULATED FROM THE 16 MEASUREMENTS. THE DOTTED LINES ABOVE AND BELOW INDICATE 
THE 2Ϭ STANDARD DEVIATION INTERVAL (± 0.01) CALCULATED FROM THE 16 MEASUREMENTS. 
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FIGURE 3-4: 
87
SR/
86
SR RATIOS MEASURED FOR SRM987 STANDARDS DURING THE ANALYTICAL SESSIONS OF SR ISOTOPE 
ANALYSES ON THE TRITON IN THIS STUDY. EACH VALUE IS SHOWN WITH THE 2Ϭ STANDARD ERROR OF THE MEASUREMENT. THE 
BLACK LINE AT 0.710250 INDICATES THE AVERAGE CALCULATED FROM THE 42 MEASUREMENTS. THE DOTTED LINES ABOVE AND 
BELOW INDICATE THE 2Ϭ STANDARD DEVIATION INTERVAL (± 0.000014) CALCULATED FROM THE 42 MEASUREMENTS. THE GREY 
SQUARE SURROUNDS ALL STANDARD MEASUREMENTS DONE DURING THE ANALYTICAL SESSION OF BATCH V. 
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FIGURE 3-5: 
143
ND/
144
ND RATIOS MEASURED FOR GSC ND AMES STANDARDS DURING THE ANALYTICAL SESSIONS OF ND ISOTOPE 
ANALYSES ON THE TRITON IN THIS STUDY. EACH VALUE IS SHOWN WITH THE 2Ϭ STANDARD ERROR OF THE MEASUREMENT. THE 
BLACK LINE AT 0.511977 INDICATES THE AVERAGE CALCULATED FROM THE 24 MEASUREMENTS. THE DOTTED LINES ABOVE AND 
BELOW INDICATE THE 2Ϭ STANDARD DEVIATION INTERVAL (± 0.000010) CALCULATED FROM THE 24 MEASUREMENTS. 
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3.3.2. Data reduction 
Sr data reduction was done offline using an in-house Excel sheet, with iterative 
fractionation (assuming a 88Sr/86Sr ratio of 8.375210 for fractionation correction) 
and spike subtraction until convergence. Rb interference was monitored and 
corrected (assuming a natural 85Rb/87Rb ratio of 2.5920816) and Rb-corrected 
as well as uncorrected 87Sr/86Sr ratios were calculated. Also calculated were the 
Sr concentration based on the spike/sample ratio (84Sr/86Sr ratio), spike 
composition, and sample and spike weights. However, if in any case the Rb-
corrected 87Sr/86Sr ratio was different outside of error from the uncorrected 
87Sr/86Sr, the samples were rerun. Outliers were rejected on the 3 sigma level. 
Rb data reduction was done offline using an in-house Excel sheet, containing 
the following operations. The measured 85Rb/87Rb ratio is fractionation 
corrected using the measured 85Rb/87Rb ratio of the unspiked mica standard 
measured during the same session and assuming an unfractionated 85Rb/87Rb 
ratio of 2.593. Concentrations are calculated after spike subtraction and using 
the spike and sample weights. 
Nd data reduction was done offline using an in-house Excel sheet, with iterative 
fractionation (assuming a 146Nd/144Nd ratio of 0.7219 for fractionation correction) 
and spike subtraction until convergence to produce corrected 143Nd/144Nd, 
145Nd/144Nd 148Nd/144Nd, and 150Nd/144Nd ratios. Sm interferences were 
monitored and in all cases found to be negligible. Nd concentrations were 
calculated using 150Nd/144Nd ratios and spike and sample weights. 
Sm data reduction was done offline using an in-house Excel sheet, containing 
the following operations. The measured 148Sm/152Sm ratio is interference 
corrected using the measured 146Nd/152Sm ratio and assuming a natural 
148Nd/146Nd ratio of 0.3346. The 147Sm/152Sm and 148Sm/152Sm ratios are 
iteratively fractionation corrected and spike subtracted using the compositions 
of the spike and measured 149Sm/152Sm ratio and assuming an unfractionated 
149Sm/152Sm ratio of 0.5168. For four samples, unspiked Sm isotopic 
                                            
16
 This value is slightly off from the value of 2.59324 (CRC Handbook, 2010). I did not notice this until it 
was pointed out during review. However, the Rb correction does not have a significant influence on the 
Sr-data, and they were therefore not reduced again. In the Rb-data reduction, where this value is more 
critical, the correct value is used. 
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compositions were measured to look for the presence of neutron capture 
effects. These samples were measured at higher beam currents (>1 volt 149Sm) 
and with longer run times as for Nd isotopic compositions. Data were 
fractionated corrected using using 147Sm/152Sm = 0.56081 (Hidaka et al., 2000). 
 
3.3.3. Data quality 
The samples were prepared and analysed in 5 batches in the time frame from 
October 2013 to October 2015. Each batch contained a total procedural blank 
and procedural standard (TABLE 3-4). During the analytical sessions on the 
Triton and the MAT261 standards were run for Sr (SRM987) and Nd (GSC17 Nd 
AMES).  
 
 Standard Results 
The average value for the 87Sr/86Sr ratio over 42 measurements of SRM987 is 
0.710250 with a 2 standard deviation external reproducibility of ± 0.000014 
(FIGURE 3-4). A test using 7 SRM987 standards measured in rotation collection 
mode of the Faraday cups as well as in static collection mode showed that both 
modes yield indistinguishable 87Sr/86Sr ratios, but a better precision could be 
obtained in the rotation mode (0.710255 ± 8) compared with the static mode 
(0.710261 ± 25). However, rotation mode requires significantly longer run times 
(static mode: ~1 h; rotation mode: 2 ½ h). Therefore, it has to be ensured that 
enough Sr for this long run time is on the filament, or if this is not the case, that 
there is enough sample available to repeat the experiment. Due to the small 
amount of material available for every sample and the variety of experiments 
that were to be conducted with this material, the static mode was used in this 
work, to ensure a successful measurement even in cases where only a small 
amount of Sr made its way through the chemistry and onto the filament. 
The average value for the 143Nd/144Nd ratio over 24 measurements of the GSC 
Nd AMES is 0.511977 with an external reproducibility of 2 standard deviations 
of 0.000010 (FIGURE 3-5). This value is within error identical to the value for 
                                            
17
 GSC – Geological Survey of Canada 
85 
GSC Nd AMES (0.511973 ± 5; n = 3) obtained by Dr. V. Bennett in a 
comparative Nd standard test on the Triton in March 2014. The same test 
yielded a value for another in-house AMES standard (nNd-1 AMES: 0.512144 ± 
4; n = 3) and a value for the La Jolla standard (0.511844 ± 2; n = 5). The 
composition and external reproducibility (2 S.D.) for the La Jolla standard on the 
ANU Triton from March 2014 to May 2016, run under the same conditions as 
the samples in this study, is 143Nd/144Nd=0.511847 ± 5 (n=13). 
 
 Procedural Blanks 
The measured Sm and Nd total procedural blanks including dissolution are: Sm: 
0.4 – 2.0 pg; Nd: 0.7 – 3.4 pg; TABLE 3-4. The Rb and especially the Sr blanks 
are more variable (Rb: 24 – 122 pg; Sr: 26 – 465 pg; TABLE 3-4), but are still 
negligible given the Rb and Sr contents of the samples. Furthermore, the high 
blank values are most likely not due to actual contamination, but due to 
insufficient elution of the blank spike, especially in the Sr fraction, from the 
Sr.spec column. Incomplete elution would have led to a calculated blank value 
that is higher than the actual blank value in the following way: Blank spikes 
were added into the blank beaker prior to column chemistry. Incomplete elution 
from the Sr.spec column would mean that less blank spike would have actually 
been present in the measured fraction giving an apparently low spike to sample 
ratio and thus a high apparent Sr blank concentration.  
Unfortunately, this problem only became apparent during the last batch of 
analyses. During the first measured batches the high Rb and Sr blanks were 
attributed to contamination problems of the Sr.spec resin, which had been 
encountered early on in the study. To improve the blank values a new batch of 
resin and improved pre-cleaning procedures of the Sr.spec resin were adopted 
which brought the blanks to the acceptable, yet not ideal levels observed in 
batches I to IV. The possibility of an incomplete elution from the Sr.spec 
columns only became apparent in the last batch (batch V) of analyses. The Sr 
fractions for samples in this batch fractionated significantly faster when run on 
the Triton, compared to the samples of previous batches. For some samples it 
was not even possible to collect one set of measurements (~ 1 h), while most 
samples in the four previous batches remained underfractionated during their 
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first measurements. Some samples in the first four batches had even been 
repeatedly run (up to 4 times) to test for consistency and/or to achieve better 
precision. In those cases there was at least 4 times the amount of Sr on the 
filaments then in the cases of the samples of Batch V. The amount of Sr on all 
filaments should be approximately the same, as all Sr.spec columns were 
loaded with ~ 2 µg of Sr. This suggested that Sr was lost during the Sr.spec 
chemistry, and had the potential to explain why the observed Sr blank (465 pg) 
in this batch was especially high. Therefore, the Sr.spec chemistry was 
repeated, with yet another batch of Sr.spec resin. The problem of low amounts 
of Sr did not appear in this run, and the column blank that was measured was 
significantly lower (33 pg). This suggests that incomplete elution of Sr indeed 
was most likely the reason for the low amounts of Sr on the filaments, as well as 
the high apparent blank18. The problem seems to be connected to the Sr.spec 
resin batch, which was also used for the previous analyses. Thus, it is possible 
that the incomplete elution (less severely) affected the Sr yields and thus the 
blanks in batches I to IV as well. The problem might have not been apparent 
during those analyses, as ~ 2 µg of Sr are a substantial amount to begin with, 
and relatively low yields would have still been enough to properly run the 
samples for a few hours. Furthermore, the TaF5 activator ensures very reliable 
ionisation, which might have additionally masked the low yields. 
 
Procedural Standards 
The measured 87Sr/86Sr and 143Nd/144Nd ratios of the procedural standards 
(BHVO-2 or BCR-2) in each batch of analyses (TABLE 3-4) are all, but one, 
within error identical to reference values from Raczek et al. (2003). The 
87Sr/86Sr ratio measured for BCR-2 in Batch V (0.705020 ± 14) is slightly higher, 
but within errors, of the reference ratio (0.704958 ± 34). This basaltic reference 
material was measured in a session on the 18.10.2015 during which the 
measured SRM987 control standards also displayed slightly elevated 87Sr/86Sr 
ratios (FIGURE 3-4). The samples measured during this session were sample 
64537 and 73235.  
                                            
18
 This explanation only works if blank spike and the “contaminating” Sr are not equilibrated. 
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TABLE 3-4: RESULTS OF BLANK AND PROCEDURAL STANDARD MEASUREMENTS FOR THE 
DIFFERENT BATCHES OF ISOTOPIC ANALYSES. UNCERTAINTIES REFLECT THE 2Ϭ STANDARD ERROR 
AND REFER TO THE LAST SHOWN DIGIT. THE REPRODUCIBILITY (2Ϭ STANDARD DEVIATION) FOR 
THE MEASURED 
87
SR/
86
SR RATIO MONITORED USING THE SRM 987 STANDARD (N=42) OVER ALL 
ANALYTICAL SESSIONS IS 0.000014, WITH THE AVERAGE MEASURED VALUE FOR SRM 987 BEING 
0.710250. THE REPRODUCIBILITY (2Ϭ STANDARD DEVIATION) FOR THE MEASURED 
143
ND
/144
ND 
RATIO MONITORED USING THE AMES STANDARD (N=24) OVER ALL ANALYTICAL SESSIONS IS 
0.000010, WITH THE AVERAGE MEASURED VALUE FOR AMES BEING 0.511977. THE EXPECTED 
VALUES (FROM RACZEK ET AL., 2003) FOR THE PROCEDURAL STANDARDS ARE AS FOLLOWS: 
87
SR/
86
SR = 0.704958 ± 34 (BCR-2) AND 0.703435 ± 34 (BHVO-2); 
143
ND/
144
ND = 0.512633 ± 
38 (BCR-2) AND 0.512957 ± 38 (BHVO-2). ALL MEASURED 
87
SR/
86
SR RATIOS OF THE 
PROCEDURAL STANDARDS ARE WITHIN ERROR IDENTICAL TO THE REFERENCE VALUE, EXCEPT FOR 
THE VALUE OF BCR-2 IN BATCH V. ALL MEASURED 
143
ND/
144
ND RATIOS OF THE PROCEDURAL 
STANDARDS ARE WITHIN ERROR IDENTICAL TO THE REFERENCE VALUES. 
 87Rb-87Sr isotopic data 147Sm-143Nd isotopic data 
Batch 
I 
Sr blank: 94 pg 
Rb blank: 88 pg 
Nd blank: 3.3 pg 
Sm blank:1.26 pg 
Procedural Standard: BHVO-2 
87Sr/86Sr: 0.703476 ± 8 143Nd/144Nd: 0.512972 ± 72 
Batch 
II 
Sr blank: 26 pg 
Rb blank: 24 pg 
Nd blank: 1.8 pg 
Sm blank: 0.77 pg 
Procedural Standard: BCR-2 
87Sr/86Sr: 0.704993 ± 6 143Nd/144Nd: 0.512642 ± 22 
Batch 
III 
Sr blank: 119 pg 
Rb blank: 122 pg 
Nd blank: 3.4 pg 
Sm blank: 2.0 pg 
Procedural Standard: BHVO-2 
87Sr/86Sr: 0.703472 ± 5 143Nd/144Nd: 0.513003 ± 11 
Batch 
IV 
Sr blank: 185 pg 
Rb blank: 29 pg 
Nd blank: 1.3 pg 
Sm blank: 0.42 pg 
Procedural Standard: BCR-2 
87Sr/86Sr: 0.704975 ± 7 143Nd/144Nd: 0.512627 ± 7 
Batch 
V 
Sr blank: 465 pg 
Rb blank: 42 pg 
Nd blank: 0.7 pg 
Sm blank: 0.45 pg 
Procedural Standard: BCR-2 
87Sr/86Sr: 0.705020 ± 7 143Nd/144Nd: 0.512643 ± 6 
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4. Results 
 
This chapter presents the results of the different analyses on the twenty-five 
Apollo 16, nine Apollo 17 and one Apollo 14 samples that were studied here.19  
Section 4.1 presents the acquired whole rock major and trace element data, 
and sets them into the context of grouping schemes previously established in 
the literature on the basis of chemical data.  
Section 4.2 presents the 40Ar/39Ar ages that have been measured in this study, 
and compares those ages to other ages previously reported for the respective 
sample. A compilation of literature age data is also presented for samples that 
were not included in the 40Ar/39Ar dating program, but for which chemical and 
isotopic data were acquired in this study. Using the newly acquired ages 
combined with literature ages, a best age estimate of the melt-forming impact 
event of each sample is established. 
Section 4.3 presents the measured whole rock 87Rb-87Sr and 147Sm-143Nd data 
and compares them to isotopic data that have been reported in the literature for 
the respective samples. Initial isotopic ratios are calculated using the age 
estimates for the melt-forming impact event established in section 4.2. 
  
                                            
19
 While this is a result section, some of the subsections could also have been placed the discussion 
section, especially sections 4.2.7 and 4.3.7. However, I chose to place them here, as they were either 
relevant for other sections in the result section (the age estimates in 4.2.7 are used in 4.3.6), or because 
they actually changed the results (neutron capture effects in section 4.3.7). I also found that if I would 
have placed this sub sections within the discussion section (section 5), this would have seriously 
hindered the flow of the main arguments therein. 
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4.1.  Whole Rock Major and Trace Element Chemistry of Apollo 14, 16 
and 17 impact melt rocks 
This section presents the whole rock chemical data for the studied sample suite 
of Apollo 14, 16 and 17 melt rocks, as well as some feldspathic rocks from the 
Apollo 17 landing site. These data are used to put the studied samples into the 
context of existing compositional grouping schemes of lunar impact melt rocks. 
Alongside the meteoritic siderophiles measured in this study (Ni and Co), an 
unpublished platinum-group element data set provided by Dr. Vickie Bennett 
and Dr. Marc Norman is presented. 
 
4.1.1. Compositional Grouping 
First I classify the Apollo 16 samples by their major elements according to the 
scheme of Floran et al. (1976) and McKinley et al. (1984), which in turn are 
revised versions of the classification from Irving (1975). Following this, the 
compositional affinities of the Apollo 16 samples are subclassified according to 
the scheme of Korotev (1994), which is based mainly on the trace element 
chemistry. For the Apollo 17 samples the classification from Korotev (2000) is 
used, which includes textural as well as chemical characteristics.  
The chemical classification of the samples can be found in Table 4-1, alongside 
the subscription of the samples to different melt sheets from Reimold and 
Nieber Reimold (1984) for the Apollo 16 samples. The average major and trace 
element compositions of the groups using the classification after Korotev (1994; 
2000) are presented in Table 4-2 for the Apollo 16 samples and in TABLE 4-3 for 
the Apollo 17 samples. The sample-by-sample data set can be found in the 
Appendix (TABLE 8-1 to TABLE 8-5). 
In Table 4-4 the average major and trace element compositions for the different 
Apollo 16 and 17 groups as they were determined by Korotev (1994; 2000) are 
listed for comparison with the averages found in this study (Table 4-2 and 
TABLE 4-3). Further literature data for comparison is listed in Table 4-5. Using 
the data and classification given in the respective publications, the average 
values for the different identified groups were calculated. This was done for the 
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four groups obtained by McKinley et al. (1984), the four groups of Vaniman and 
Papike (1978) and the six groups of Stöffler (1985). These calculated averages 
and the averages are then shown for comparison in several plots (Figure 4-1, 
Figure 4-2 and Figure 4-3). 
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TABLE 4-1: A LIST OF THE STUDIED SAMPLES AND THEIR ASSOCIATED COMPOSITIONAL GROUPS. 
ALSO LISTED IS THE MASS OF METAL PARTICLES WHICH WERE REMOVED FROM THE SAMPLE 
DURING THE CRUSHING PROCESS, AND WHAT PERCENTAGE THESE METAL GRAINS MADE OF THE 
MASS OF THE WHOLE CRUSHED FRACTION.  
* AFTER VANIMAN AND PAPIKE (1978) FOR SAMPLE 14310, AFTER FLORAN ET AL. (1976) FOR THE 
APOLLO 16 SAMPLES, AFTER KOROTEV (1994) FOR SAMPLE 64815 AND AFTER KOROTEV (2000) 
FOR THE APOLLO 17 SAMPLES; ** AFTER KOROTEV (1994; 2000) FOR THE APOLLO 16 SAMPLES; 
*** FROM REIMOLD AND NIEBER REIMOLD (1984); 
0
 TO MY KNOWLEDGE NOT PREVIOUSLY 
GROUPED; 
1
 GROUP AS IN KOROTEV (1994); 
2
 GROUP AS IN FAGEN ET AL. (2013); 
3
 GROUPS AS 
2M IN KOROTEV (1994); 
4
 SUBGROUP PROPOSED BY KOROTEV (2000) 
Sample Split 
Chemical Group* / 
Subgroup** 
Impact melt 
Group*** 
Metal Particles [mg] 
(% of whole rock) 
14310 668 Group D / n.a.  - 
60315 224 1 / 1M
1
 XV - 
60335 6 2 / 2F
3
 III or IV - 
60625 29 2 / 2DB
1
  11 (0.4 %) 
61015 192 2 / 2DB
1
  18 (0.6 %) 
61016 123 2 / 2F
1
 I - 
61156 55 2 / 2F
1
  - 
62235 60 1 / 1F
1
  - 
62255 
166 2 / 2DB
1
  11 (0.4 %) 
166 MG 2 / 2DB
1
  12 (4.8%) 
62295 179 2 / 2Mo
1
 II 6 (0.2 %) 
63355 56 2 / 2NR
1
  - 
63549 30 3
1 
/ n.a.  - 
64475 105 2 / 2DB
0
  - 
64476 
29 DM 2 / 2DB
1
  1 (0.4 %) 
29 LM 2 / 2DB
1
  10 (0.4 %) 
64536 42 2 / 2DB
1
  5 (0.2 %) 
64537 22 2 / 2DB
0
  4 (0.2 %) 
64815 28 U
1 
or 1
4 
/ 1S
4
 XV 5 (0.5 %) 
65015 49 1 / 1F
1
 VIII - 
65055 39 3
1 
/ n.a. VII - 
65075 19 2 / 2M
0
  24 (1.2 %) 
66095 25 2 / 2DB
1
 IX - 
67095 115 2 / 2M
2
 XX 4 (0.1 %) 
67235 8 2 / 2NR
0
  - 
67935 12 2 / 2NR
0
  4 (0.2 %) 
68415 211 3
1 
/ n.a. V - 
68416 20 3
1 
/ n.a. V - 
72215 212 A / n.a.  - 
72235 247 A / n.a.  - 
72255 373 A / n.a.  - 
72275 70 A / n.a.  - 
73235 185 A / n.a.  - 
76055 87 & 88 O / n.a.  - 
76235 27 FGI / n.a.  - 
77035 248 & 249 P / n.a.  - 
78155 151 FGI / n.a.  - 
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TABLE 4-2: COMPARISON OF THE AVERAGE COMPOSITION OF THE COMPOSITIONAL GROUPS OF 
THE STUDIED APOLLO 16 SAMPLES. *NUMBER OF ANALYSED SAMPLES THAT FALL IN THE 
RESPECTIVE GROUP. IF THIS IS ONLY ONE SAMPLE, THEN THE NAME OF THIS SAMPLE IS GIVEN. 
Group 1M 1F 1S/U 2DB 2NR 2Mo 2M 2F 3 
Number of 
Samples* 
60315 (2) 64815 (8) (3) 62295 (2) (3) (4) 
SiO2 
wt% 
47.0 48.5 47.1 43.9 44.1 41.3 44.4 48.4 43.4 
TiO2 1.38 1.14 1.82 0.87 0.87 1.00 0.75 0.71 0.57 
Al2O3 16.2 19.0 17.1 22.4 22.3 22.8 20.2 21.5 28.7 
FeO 9.10 8.94 9.96 7.69 7.72 7.86 6.82 6.38 4.11 
MnO 0.118 0.107 0.124 0.090 0.090 0.097 0.089 0.078 0.049 
MgO 13.3 9.8 12.0 10.9 10.8 12.3 15.0 9.4 6.2 
CaO 11.7 11.5 10.9 13.3 13.2 13.7 12.1 12.5 16.3 
Na2O 0.641 0.519 0.504 0.503 0.499 0.522 0.478 0.611 0.481 
K2O 0.375 0.322 0.275 0.188 0.186 0.227 0.089 0.278 0.101 
Li 
ppm 
23.2 21.9 19.1 12.2 12.2 14.3 11.7 14.1 9.2 
Sc 15.1 15.6 21.0 11.4 11.3 12.5 10.6 9.3 6.9 
V 36.6 32.8 42.4 27.7 27.6 29.9 28.6 24.2 14.9 
Cr 1433 1211 1385 1105 1098 1225 1142 882 535 
Co 46.3 47.5 41.2 47.6 48.9 41.1 25.1 41.5 25.9 
Ni 787 735 525 753 778 653 324 795 375 
Cu 10.4 8.9 16.5 8.9 9.0 8.3 13.3 10.4 6.7 
Zn 7.0 5.2 11.2 13.6 14.6 17.3 19.4 7.2 3.2 
Ga 6.0 6.0 5.3 5.0 5.0 5.0 3.6 4.4 3.8 
Rb 10.7 9.0 7.3 5.0 4.9 6.7 5.6 7.8 2.5 
Sr 155 163 146 163 162 165 144 159 186 
Y 152 170 111 88 88 86 62 76 39 
Zr 722 810 506 400 396 391 276 354 177 
Nb 45.2 49.4 34.2 25.1 25.0 25.5 18.9 22.2 11.8 
Cs 0.6 0.5 0.3 0.2 0.2 0.3 0.5 0.3 0.1 
Ba 500 549 375 279 277 285 203 248 130 
La 49.9 56.3 33.8 28.9 28.7 28.0 19.7 24.6 12.7 
Ce 128.3 146.2 88.1 75.0 74.5 72.7 50.8 64.3 32.5 
Pr 17.8 20.1 12.3 10.4 10.3 10.0 7.0 8.8 4.6 
Nd 78.7 88.6 54.6 46.0 45.7 44.5 31.3 39.0 20.4 
Sm 22.0 24.9 15.7 12.9 12.8 12.5 8.8 10.9 5.7 
Eu 1.99 2.02 1.75 1.57 1.56 1.57 1.25 1.41 1.26 
Gd 25.48 28.23 18.13 14.85 14.74 14.39 10.14 12.60 6.58 
Tb 4.45 4.98 3.17 2.59 2.57 2.51 1.79 2.19 1.14 
Dy 27.91 31.16 20.34 16.07 15.96 15.72 11.12 13.69 7.02 
Ho 5.96 6.70 4.37 3.42 3.39 3.35 2.39 2.90 1.49 
Er 15.92 17.61 11.55 9.08 9.02 8.92 6.36 7.74 3.95 
Yb 14.97 16.72 11.24 8.53 8.46 8.47 6.13 7.27 3.68 
Lu 2.14 2.37 1.62 1.20 1.20 1.19 0.85 1.02 0.52 
Hf 16.08 17.81 11.67 8.83 8.77 8.72 6.18 7.74 3.79 
Ta 2.04 2.15 1.55 1.13 1.12 1.16 0.84 0.99 0.52 
Th 8.39 9.42 5.89 4.61 4.58 4.67 3.40 4.05 1.91 
U 2.20 2.24 1.54 1.19 1.18 1.23 0.88 1.23 0.48 
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TABLE 4-3: COMPARISON OF THE AVERAGE COMPOSITION OF THE 
COMPOSITIONAL GROUPS OF THE STUDIED APOLLO 17 SAMPLES. *NUMBER OF 
ANALYSED SAMPLES THAT FALL IN THE RESPECTIVE GROUP. IF THIS IS ONLY 
ONE SAMPLE, THEN THE NAME OF THIS SAMPLE IS GIVEN. 
Group A O 77035 77035 FGI 
Number of Samples* 
Average 
(5) 
Average 
(2) 
Matrix Clast 
Average 
(2) 
SiO2 
wt% 
48.5 47.3 49.1 51.8 46.5 
TiO2 0.73 1.24 1.41 0.18 0.23 
Al2O3 19.6 15.5 17.2 20.4 25.7 
FeO 8.18 9.24 8.65 5.32 5.18 
MnO 0.115 0.111 0.113 0.091 0.072 
MgO 10.1 16.4 11.9 10.1 7.0 
CaO 11.9 9.2 10.4 11.4 14.8 
Na2O 0.480 0.533 0.654 0.463 0.377 
K2O 0.227 0.197 0.350 0.091 0.063 
Li 
ppm 
15.0 13.2 18.3 15.5 8.7 
Sc 19.2 13.6 15.8 9.4 10.6 
V 48.6 31.3 33.6 53.4 26.1 
Cr 1397 1272 1159 1627 769 
Co 25.6 41.6 16.3 18.2 24.2 
Ni 150 424 126 12 250 
Cu 4.7 7.0 7.2 1.7 3.8 
Zn 6.2 8.0 9.0 3.9 3.5 
Ga 4.4 4.0 5.0 3.6 3.7 
Rb 6.0 4.4 9.5 3.5 1.3 
Sr 142 153 176 132 144 
Y 93 68 96 20 14 
Zr 406 307 434 66 53 
Nb 27.2 23.4 31.8 3.2 4.7 
Cs 0.3 0.1 0.3 0.3 0.1 
Ba 320 253 361 99 56 
La 29.7 19.9 28.9 6.3 3.8 
Ce 77.7 51.9 74.6 15.8 9.6 
Pr 10.7 7.1 10.4 2.1 1.3 
Nd 46.9 31.6 45.6 9.2 5.7 
Sm 13.2 9.0 13.0 2.6 1.7 
Eu 1.43 1.66 1.99 1.09 0.82 
Gd 15.19 10.50 15.09 2.96 1.95 
Tb 2.69 1.89 2.72 0.54 0.37 
Dy 16.82 11.85 16.95 3.48 2.37 
Ho 3.57 2.57 3.69 0.77 0.53 
Er 9.61 7.02 9.96 2.12 1.48 
Yb 9.08 6.90 9.67 2.22 1.54 
Lu 1.27 1.00 1.39 0.32 0.22 
Hf 8.98 6.91 9.92 1.54 1.25 
Ta 1.19 1.11 1.48 0.17 0.23 
Th 5.13 3.40 5.48 1.30 1.01 
U 1.31 0.90 1.41 0.26 0.28 
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TABLE 4-4: AVERAGE COMPOSITION OF DIFFERENT APOLLO 16 AND 17 COMPOSITIONAL GROUPS 
FROM KOROTEV (1994) AND KOROTEV (2000).  
Group 1M 1F 1S 2DB 2NR 2Mo 3 4 P A H O 
SiO2 
wt% 
46.7 47.0 45.3 45.7 45.3 45.1 45.5 44.7 46.5 46.3 47.1 45.2 
TiO2 1.37 1.20 1.60 0.93 1.00 0.70 0.34 0.36 1.51 0.79 1.63 1.30 
Al2O3 17.1 19.3 19.0 22.0 21.2 20.4 28.7 31.1 18.3 20.4 17.2 16.1 
FeO 9.69 8.82 9.20 8.00 7.70 6.41 4.24 3.05 8.96 8.12 9.77 9.21 
MnO 0.100 0.115 0.117 0.090 0.090 0.092 0.060 0.040 0.119 0.116 0.136 0.116 
MgO 13.4 9.9 12.1 10.9 11.1 14.8 4.5 2.8 11.7 10.9 11.0 17.0 
CaO 10.7 11.9 11.9 12.8 12.7 11.7 16.1 17.3 11.3 12.0 11.1 9.6 
Na2O 0.622 0.536 0.526 0.494 0.500 0.457 0.490 0.530 0.665 0.498 0.690 0.533 
K2O 0.430 0.350 0.270 0.190 0.270 0.089 0.080 0.050 0.269 0.214 0.322 0.205 
Sc 
ppm 
14.6 14.8 22.0 10.8 12.2 9.8   16.8 17.2 19.3 14.0 
Cr 1519 1218 1663 1108 1191 1252 616 205 1300 1601 1368 1307 
Co 64.0 41.0 47.0 66.0 44.0 34.0   28.0 26.5 28.0 43.0 
Ni 1090 590 629 1070 650 403   241 181 239 490 
Rb 11.4 9.8 6.5 5.6 6.0 6.0   6.1 6.0 14.5 5.2 
Sr 187 178 150 185 166 129   173 156 165 156 
Zr 740 792 489 378 400 252   481 385 711 363 
Cs 0.52 0.42 0.34 0.22 0.22 0.53   0.22 0.22 0.65 0.09 
Ba 493 511 367 269 278 170   340 305 493 278 
La 49.6 54.6 34.2 27.5 27.6 18.8   33.4 28.4 51.5 24.5 
Ce 129.0 142.0 91.0 72.0 72.0 50.0   87.0 74.0 133.0 62.0 
Sm 22.5 24.8 15.8 12.7 12.7 8.3   15.0 12.7 23.1 10.9 
Eu 1.97 1.94 1.71 1.49 1.51 1.17   1.92 1.38 1.97 1.75 
Tb 4.50 5.00 3.49 2.54 2.52 1.71   3.11 2.63 4.62 2.42 
Yb 15.40 16.80 11.90 8.60 8.90 6.20   10.90 9.50 16.10 8.40 
Lu 2.07 2.26 1.67 1.16 1.20 0.86   1.47 1.31 2.18 1.23 
Hf 17.30 18.80 11.80 9.30 9.60 6.40   12.20 9.50 17.40 8.80 
Ta 1.93 2.00 1.30 1.02 1.11 0.77   1.57 1.26 2.06 1.24 
Th 8.10 8.80 5.40 4.30 4.40 2.90   5.40 4.50 8.50 3.50 
U 2.13 2.24 1.44 1.14 1.26 0.78   1.56 1.26 2.29 0.88 
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TABLE 4-5: AVERAGE COMPOSITION OF THE COMPOSITIONAL GROUPS ESTABLISHED IN VARIOUS PUBLICATIONS: VANIMAN AND PAPIKE (1978), MCKINLEY 
(1984) AND STÖFFLER ET AL. (1985). AVERAGES WERE CALCULATED USING THE DATA PROVIDED BY THE RESPECTIVE STUDY ON SAMPLES THAT WERE 
ATTRIBUTED BY THE RESPECTIVE STUDY TO A CERTAIN COMPOSITIONAL GROUP. 
Reference Vaniman and Papike, 1978 McKinley et al., 1984 Stöffler et al., 1985 
Group 
Group 
B 
Group 
C 
Group 
D 
Group 
E 
Group 
1 
Group 
2 
Group 
3 
Group 
4 
FMMB MMMB IMB MMB SOIMB RTIMB 
SiO2 
wt% 
44.1 45.6 46.8 50.1 47.0 46.2 45.4 44.9 45.2 46.2 44.8 46.1 46.1 50.6 
TiO2 0.18 0.36 1.13 1.95 1.41 0.79 0.37 0.21 0.32 1.29 0.63 0.61 0.58 1.29 
Al2O3 30.0 27.8 19.8 14.7 18.5 22.5 28.1 31.4 30.9 22.3 26.9 22.7 24.4 22.1 
FeO 3.03 4.29 8.16 10.46 8.52 6.31 4.40 2.59 2.85 7.38 4.83 5.63 4.05 9.03 
MnO 0.050 0.057 0.107 0.153 0.104 0.082 0.062 0.033 0.022 0.073 0.057 0.063 0.042 0.113 
MgO 4.7 5.1 10.7 11.2 11.4 10.0 5.2 2.8 2.6 7.6 6.8 9.9 9.1 2.2 
CaO 16.7 15.8 12.0 9.2 11.5 13.1 15.7 17.5 17.4 13.4 15.2 14.0 14.7 12.6 
Na2O 0.350 0.473 0.575 0.707 0.579 0.533 0.458 0.449 0.589 0.633 0.502 0.465 0.539 1.097 
K2O 0.080 0.103 0.327 0.623 0.378 0.224 0.092 0.077 0.057 0.216 0.135 0.206 0.090 0.447 
P2O5         
0.037 0.347 0.087 0.236 0.119 0.553 
Cr ppm 547 730 1334 821 1266 951 631 361 848 821 732 1061 730 68 
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TABLE 4-6: A LIST OF PLOT SYMBOLS USED FOR DIFFERENT GROUPS & SAMPLES IN THE 
DEPICTION OF THE CHEMICAL, ISOTOPIC AND AGE DATA OBTAINED IN THIS STUDY. 
 
  
Groups/Samples Symbol Details on Groups/Samples 
Apollo 14 
14310 
 
Sample 14310 
Apollo 16 
1M 
 
Groups as in Korotev (1994) 
1F 
 
2DB 
 
2NR 
 
2M 
 
2Mo 
 
2F 
 
3 
 
Apollo 17 
P 
 
Groups as in Korotev (2000) 
A 
 
O 
 
H 
 
FGI 
 
Feldspathic Granulitic Impactites 
77035 & Matrix and Clast from sample 77035. 
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TABLE 4-7: A LIST OF DIFFERENT COMPOSITIONAL GROUPS ESTABLISHED IN THE LITERATURE AND 
THE SYMBOLS AND ABBREVIATIONS USED FOR THESE GROUPS TO PLOT THEM IN COMPARISON WITH 
THE DATA OBTAINED IN THIS STUDY. 
 
  
Abbreviation/Name Symbol Description/full name of Groups 
From Vaniman et al. 
Group B 
 
Gabbroic anorthosite melt rocks 
Group C Anorthositic gabbro melt rocks 
Group D Low-K Fra Mauro melt rocks 
Group E Intermediate-K Fra Mauro melt rocks 
From McKinely et al. 
Group 1 
 
KREEP rich melt rocks 
Group 2 
Dimict breccias and melt rocks with similar 
composition 
Group 3 
Feldspathic melt rocks, compositional similar 
to the feldspathic fragmental breccias 
Group 4 High aluminous and low REE (La) melt rocks 
From Stoeffler et al. 
FMMB 
 
Feldspathic microporphyritic melt breccias 
IMB Intergranular melt breccia 
SOIMB Subophitic-ophitic-intersertal melt breccias 
MMB Micropoikilitic melt breccias 
MMMB Mafic microporphyritic melt breccias 
RTIMB 
Rare type of impact melt breccias of unusual 
composition 
From Korotev (1994; 2000) 
Groups from 
Table 4-6 
 
The used colour coding and group names for 
the different groups are as in Table 4-6. 
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FIGURE 4-1: CAO-AL2O3 PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS 
ARE AS IN TABLE 4-6. AVERAGE VALUES OF DIFFERENT APOLLO 16 AND 17 COMPOSITIONAL 
GROUPS ARE MARKED WITH NAMED SYMBOLS AS LISTED IN TABLE 4-7. DIFFERING SYMBOL SIZES 
ARE FOR ILLUSTRATIVE REASONS ONLY. THE RANGE OF THE 1Ϭ RELATIVE STANDARD DEVIATION 
(3%) OF THE STUDIED SAMPLES IS SHOWN IN THE TOP LEFT CORNER. 
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FIGURE 4-2: MG#-AL2O3 PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS 
ARE AS IN TABLE 4-6. AVERAGE VALUES OF DIFFERENT APOLLO 16 AND 17 COMPOSITIONAL 
GROUPS ARE MARKED WITH NAMED SYMBOLS AS LISTED IN TABLE 4-7. DIFFERING SYMBOL SIZES 
ARE FOR ILLUSTRATIVE REASONS ONLY. THE COMPOSITIONAL FIELDS FOR FAN-SUITE, MG-
SUITE AND KREEP-BASALTS ARE FROM TAYLOR (2009). THE RANGE OF THE 1Ϭ RELATIVE 
STANDARD DEVIATION (3%) OF THE STUDIED SAMPLES IS SHOWN IN THE TOP RIGHT CORNER. 
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FIGURE 4-3: K2O-‘FEO+MGO’ PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE 
SYMBOLS ARE AS IN TABLE 4-6. AVERAGE VALUES OF DIFFERENT APOLLO 16 AND 17 
COMPOSITIONAL GROUPS ARE MARKED WITH NAMED SYMBOLS AS LISTED IN TABLE 4-7. 
DIFFERING SYMBOL SIZES ARE FOR ILLUSTRATIVE REASONS ONLY. THE RANGE OF THE 1Ϭ 
RELATIVE STANDARD DEVIATION (3%) OF THE STUDIED SAMPLES IS SHOWN IN THE TOP RIGHT 
CORNER.  
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4.1.1.1. Apollo 16 Samples – Chemical Groups 
Using major element and La data, Floran et al. (1976) identified three different 
compositional groups of Apollo 16 impact melt rocks (group 1, 2 and 3). They 
identified group 1 to be the least feldspathic (Al2O3: 17.17-22.54 wt%), most 
mafic (FeO: 7.14-9.50 wt%; MgO: 8.12-13.46 wt%), as well as the most K-rich 
(K2O: 0.26-0.41 wt%) and REE-rich (La
20: 49-80 ppm) group. Group 3 on the 
other hand was more felspathic (Al2O3: 28.57-28.66 wt%), considerably less 
mafic (FeO: 4.18-4.27 wt%; MgO: 4.33-4.56 wt%) and exhibited much lower K 
(K2O: 0.07-0.08 wt%) and REE (La: 11 ppm) contents. Group 2 falls in between 
Groups 1 and 3 in its Al2O3 (20.81-25.66 wt%), FeO (4.55-7.75 wt%), MgO 
(7.92-12.31 wt%) as well as K2O (0.08-0.36 wt%) and REE (La: 25-36 ppm) 
contents. McKinley et al. (1984) identified a fourth group (Group 4), which is 
even more feldspathic (Al2O3: 30.48-33.34 wt%), less mafic (FeO: 1.26-3.20 
wt%; MgO: 1.16-3.49 wt%) and REE-poorer (La: 1.5-3.0 ppm) than Group 3. 
All 25 of the Apollo 16 samples studied here can be assigned to the Groups 1, 2 
and 3 (Table 4-1); while none belongs to group 4. Four samples belong to 
Group 1, based on the low feldspathic contents (Al2O3: 16.17-19.32 wt%; Figure 
4-1) as well as their high FeO (8.29-9.33 wt%) and MgO (9.48-13.31 wt%) 
contents. They furthermore show the characteristically strong KREEP affinity 
(K2O: 0.27-0.38 wt%; La: 33.9-62.7 ppm), which is also expressed in their Mg# 
(0.67-0.73; Figure 4-2), which is low relative to their Al2O3 content. 
Seventeen samples belong to Group 2. The samples assigned to this Group 
show an even wider range of feldspathic contents (Al2O3: 20.20-30.31 wt%; 
Figure 4-1), and mafic components (FeO: 2.88-9.73 wt%; MgO: 3.11-14.31 
wt%) than those observed by Floran et al. (1976), accompanied by a wide 
range of Mg# (0.66-0.81; Figure 4-2). The moderate K2O contents in this group 
(K2O: 0.07-0.30 wt%; Figure 4-3) are accompanied by a range of intermediate 
REE contents (La: 8.80-31.5 ppm). (1971; 1968) 
                                            
20
 La-values are given as chondritic normalised in Floran et al. (1976), without indication of which exact 
value for the chondritic La concentration was used. Therefore, the La concentration values in ppm were 
calculated from the chondritic normalised values using the chondritic value from Anders and Grevesse 
(1989), even though it is unlikely that the exact same value (0.4460 ppm) was used by Floran et al. 
(1976), thirteen years before the publication of the value by Anders and Grevesse (1989).  
Note: During review of the thesis, it was pointed out to me that the most likely used value is 0.332 from 
Haskin et al. (1968, 1971), which would change the range to 36-60 ppm. 
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Four samples belong to Group 3. The samples assigned to this Group show a 
narrow range of major element compositions, are very feldspathic (Al2O3: 27.33-
30.12 wt%; Figure 4-1), contain low FeO (4.11-4.33 wt%) and MgO (4.38-4.55 
wt%), with a low Mg# (0.65-0.66; Figure 4-2). They also have low K2O (0.068-
0.073 wt%; Figure 4-3) and REE contents (La: 6.93-7.71 ppm, Figure 4-3).  
 
4.1.1.2. Apollo 16 Samples – Chemical Subgroups 
Based on a more detailed analysis of the trace element chemistry additional to 
the major element chemistry, Korotev (1994) refined the grouping established 
by Floran et al. (1976) and McKinley et al. (1984). He found several subgroups 
within the Groups 1 and 2. The different subgroups can be best seen in a Sm-
Sc plot (Figure 4-4). In this plot Sc is a measure for the mafic content of the 
sample (mainly pyroxene)21, while Sm represents the incompatible trace 
elements (ITE) (Korotev, 1996). 
For group 1 Korotev (1994) found two subgroups (1F and 1M) and later 
(Korotev, 2000) assigned a third subgroup (1S) to previously ungrouped sample 
64815. All three subgroups are represented in the sample suite studied here.  
Sample 60315 is the only representative of subgroup 1M, while samples 62235 
and 65015 represent subgroup 1F. Sample 60315 shows the higher Na2O (0.63 
wt%), K2O (0.38 wt%), Rb (10.7 ppm), Cr (1347 ppm) and Cs content (0.6 ppm) 
originally observed by Korotev (1994) for Group 1M samples, when compared 
to the group 1F samples (Na2O: 0.49-0.54 wt%; K2O: 0.31-0.34%; Rb: 8.6-9.4 
ppm; Cr 1106-1180 ppm; Cs: 0.5 ppm; Table 4-2). Korotev (1994) also 
observed a lower CaO content compared to Subgroup 1F samples. However, in 
this study the CaO content of sample 60315 (11.7 wt%) is barely distinguishable 
from the CaO content of the two Group 1F samples (11.4-11.6 wt%). That the 
sample split of 60315 studied here exhibits an anomalously high CaO content, 
can also be seen in Figure 4-1, where it does not plot on the general trend of all 
other samples. The REE content of sample 60315 is close to the average of 
                                            
21
 Al2O3 and FeO are anti-correlated in these samples. Therefore, a measure of the mafic content is 
generally also a measure of the feldspathic content: If the mafic content of a sample increases the 
feldspathic content decreases, and vice versa. 
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Group 1M (Figure 4-5); and so is the shape of the REE pattern (Figure 4-6) 
compared to the average 1M pattern (Figure 4-7). The REE patterns of the 
group 1F samples (Figure 4-6) are also similar to the average 1F pattern 
(Figure 4-7), though their absolute REE concentrations scatter more around the 
average value (Figure 4-5). 
 
FIGURE 4-4: SM-SC PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS AS IN 
TABLE 4-6. APOLLO 17 DATA FROM NORMAN ET AL. (2002) ARE DEPICTED WITH TRIANGULAR 
SYMBOLS; USING THE SAME COLOUR CODING FOR GROUPS AS FOR THE SAMPLES STUDIED HERE 
(SEE TABLE 4-6). DIFFERING SYMBOL SIZES ARE FOR ILLUSTRATIVE REASONS ONLY. 
COMPOSITIONAL FIELDS OF THE APOLLO 16 COMPOSITIONAL GROUPS FROM KOROTEV (1994) 
ARE INDICATED WITH NAMED AND COLOURED FIELDS. THE RANGE OF THE 1Ϭ RELATIVE 
STANDARD DEVIATION (3%) OF THE STUDIED SAMPLES IS SHOWN IN THE TOP LEFT CORNER. 
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While my Subgroup 1M and 1F samples cannot be distinguished from one 
another in the Sm-Sc plot (Figure 4-4), the group 1S sample 64815 is distinct, 
as it does not fall on the general trend of all other Group 1 and 2 samples. 
Instead it falls along the slightly ITE-poorer trend formed by the analysed Apollo 
17 samples as well as the Apollo 17 samples analysed by Norman et al. (2002) 
(Figure 4-4). Sample 64815 is the only whole rock sample of its group, therefore 
the “average” of group 1S (Table 4-4) is solely based on other analyses of 
sample splits of 64815. The split of sample 64815 studied here is different than 
the average in some respects, in that it is less feldspathic (Figure 4-1), has a 
lower K2O content (Figure 4-3), but it shows similar REE contents (Figure 4-5). 
For Group 2, Korotev (1994) found five different subgroups, all of which are 
represented in the sample set studied here. Group 2DB and 2NR contain the 
most mafic and ITE-rich Group 2 samples (Figure 4-3 and Figure 4-4). Eight of 
the studied Group 2 samples fall into Group 2DB. Six of those samples (61015, 
62255, 64475, 64476, 64536, 64537) can be classified as dimict breccias, while 
the other two samples (60625, 66095) constitute a single melt rock lithology 
with incorporated clasts (see section 2.3). However, these two samples (60625 
and 66095) have compositions very similar to the melt rock parts of the dimict 
breccias. The samples of Subgroup 2DB fall on a single trend on the Sm-Sc plot 
(Figure 4-4). A similar, slightly less ITE-rich trend is formed by the Subgroup 
2NR samples, of which three are represented in the studied sample suite. A 
similar representation to the Sm-Sc plot, is the La-Al2O3 plot (Figure 4-5), where 
La represents the ITE and Al2O3 is an (inverse) indicator for the mafic content. 
However, the trends observed in the Sm-Sc plot for 2DB and 2NR samples, are 
absent in this representation.  
Two of the studied samples fall into Group 2M and three into group 2F. These 
two Groups represent the more feldspathic samples of Group 2, with Group 2F 
being the most feldspathic. The samples in these Groups exhibit a wide range 
of chemical compositions (Figure 4-1 to Figure 4-5). Sample 62295 is the only 
sample of group 2Mo, which is characterised by a high Mg# (0.81; Figure 4-2) 
as well as relatively low K2O (0.089 wt%; Figure 4-3) and ITE contents (La: 19.7 
ppm; Figure 4-5).  
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Group 3 samples show a small range of trace element contents, and no further 
subgrouping of this Group has been proposed. Group 3 samples span a narrow 
compositional field (Figure 4-4), forming a trend similar to the Group 2 trend, but 
at lower ITE contents. The samples in the group show less REE variations than 
the Group 1 and 2 subgroups (Figure 4-5), and their REE patterns are 
characterised by small to non-existing Eu-anomalies (Figure 4-6). 
 
FIGURE 4-5: LA-AL2O3 PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS AS 
IN TABLE 4-6. AVERAGE VALUES OF DIFFERENT APOLLO 16 AND 17 COMPOSITIONAL GROUPS 
ARE MARKED WITH NAMED SYMBOLS AS LISTED IN TABLE 4-7. DIFFERING SYMBOL SIZES ARE FOR 
ILLUSTRATIVE REASONS ONLY. THE RANGE OF THE 1Ϭ RELATIVE STANDARD DEVIATION (3%) OF 
THE STUDIED SAMPLES IS SHOWN IN THE TOP RIGHT CORNER.  
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FIGURE 4-6: CHONDRITIC NORMALISED RARE EARTH ELEMENT PATTERNS OF THE STUDIED 
APOLLO 16 SAMPLES. SAMPLE SYMBOLS AS IN TABLE 4-6. DIFFERING SYMBOL SIZES ARE FOR 
ILLUSTRATIVE REASONS ONLY. THE REE-VALUES WERE NORMALISED USING THE CHONDRITIC 
VALUES OF ANDERS AND GREVESSE (1989).  
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FIGURE 4-7 : EXPECTED AVERAGE CHONDRITIC NORMALISED REE PATTERNS FOR DIFFERENT 
APOLLO 16 AND 17 IMPACT MELT GROUPS. SAMPLE SYMBOLS AS IN TABLE 4-6. THE DATA FOR 
THE REE WITH SHOWN SYMBOLS ARE FROM KOROTEV (2000). GAPS IN THE PATTERN ARE 
FILLED BY LINEAR INTERPOLATION BETWEEN THE TWO NEAREST REE WITH KNOWN REE 
CONTENT; EXCEPT FOR GD, FOR WHICH THE INTERPOLATION BETWEEN SM (INSTEAD OF EU) AND 
TB WAS USED, TO ACCOUNT FOR THE EU ANOMALY. DIFFERING SYMBOL SIZES ARE FOR 
ILLUSTRATIVE REASONS ONLY. THE REE-VALUES WERE NORMALISED USING THE CHONDRITIC 
VALUES OF ANDERS AND GREVESSE (1989).  
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4.1.1.3. Apollo 16 Samples – Unusual Samples 
One of the studied 2NR samples, sample 63355, has an unusual composition 
with high Al2O3 (25.4 wt%), MgO (14.3 wt%) and CaO (15.1 wt%) contents. 
These contents are not only significantly higher than the compiled average 
values for group 2NR from Korotev (Korotev, 2000) (Table 4-4), they also differ 
from the values reported for another split of this sample by Laul et al. (1974) 
(Al2O3 = 21.5 wt%, MgO = 8 wt%, CaO = 12 wt%). The sample studied here 
was taken of split “,1” while the sample studied by Laul et al. (1974) (“,10”) was 
from split “,2”. Splits “,1”, “,2” and two others were picked up from the soil next 
to the boulder “Shadow Rock”, but may not all be from this boulder (Meyer, 
2012). The observed differences in the major element chemistry may support 
the idea that split “,1” and “,2” of 63355 are indeed different melt rock samples, 
or that the boulder from which they came is heterogeneous. This is furthermore 
supported by K2O (0.24 wt%), Th (4.85 ppm) and U (1.31 ppm) contents 
determined by Clark and Keith (1974) on split “,1”, which are higher than the 
ones determined for split “,2” by Laul et al. (K2O = 0.22 wt%, Th = 4.2 ppm, U = 
1.2 ppm), but closer to the contents determined here for the studied sample of 
split “,1” (K2O = 0.240 wt%, Th = 7.17 ppm, U = 1.32 ppm). 
Sample 61156, which is classified as Subgroup 2F, is unusual in composition as 
well. On the Sm-Sc plot (Figure 4-4) it does not fall into the 2F compositional 
field, or any of the other compositional fields. While it falls close to the Group 3 
field in this plot and has low REE contents like the Group 3 samples (Figure 
4-5), it exhibits a small but distinct negative Eu-anomaly (Figure 4-6), unlike the 
Group 3 samples. Also its mafic content is lower than usual for Group 2 or 3 
samples, and in this respect is comparable to what would be expected for a 
Group 4 sample (Figure 4-3). It is grouped as 2F here simply because other 
sample splits of this sample have been grouped as 2F, and our split cannot be 
attributed to another group with certainty. The studied split is also unusual 
compared to splits of this sample that have been studied previously (Meyer, 
2012) which are significantly less feldspathic (Al2O3 = 20.28-23.05 wt%, CaO = 
12.47-13.6) than the split studied here (Al2O3 = 28.5-30.1 wt%, CaO = 16.3-18.4 
wt%). A possible explanation is that the split studied here was rich in the 
plagioclase xenocrysts, which would explain why it has a more feldspathic 
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signatures, although it did not contain any macroscopically visible clasts 
(Section 2.3.7). Xenocrysts in 61156 were found by Meyer et al. (1974) to be 
low in MgO (0.07 wt%), K2O (0.09 wt%), TiO2 (0.02 wt%) and Ba (18 ppm) 
compared to whole rock analyses of the sample (MgO = 9.3-12.15 wt%, K2O = 
0.11-0.12 wt%, TiO2 = 0.62-0.82 wt%, Ba = 193-220; Meyer et al. 2012 and 
references therein) and similar in Na2O (xenocrysts = 0.39 wt%, whole rock = 
0.38-0.44 wt%). As the sample split studied here has lower concentrations of 
those elements (MgO = 3.11 wt%, K2O = 0.08 wt%, TiO2 = 0.49 wt%, Ba = 85.2) 
than the other whole rock samples of this rock, but higher concentrations than 
the xenocrysts, it is plausible that it was enriched in those xenocrysts compared 
to other whole rock samples. However, Sr concentrations seem to be nearly 
identical in other whole rock samples (154-155 ppm) compared to the 
xenocrysts (150 ppm), while the sample split studied here has a higher 
concentration (180 ppm).  
 
4.1.1.4. Apollo 17 Samples – Impact Melt Rocks 
The compositional classification of the studied Apollo 17 samples can be found 
in Table 4-1. The average values of the determined groups were calculated 
using the compositional values of all samples belonging to this group. The 
averages can be found in TABLE 4-3. The trace element data set for a set of 
Apollo 17 poikilitic impact melt rocks from Norman et al. (2002) has been 
recalculated using the BHVO-2 standard values used in this study, and can be 
found in the Appendix (section 8.2). This was done to account for slight 
differences in the used BHVO-2 values used by Norman et al. (2002) compared 
to this study. This recalculation allows a direct comparison of the two data sets 
as if they were one data set. The recalculated data are shown for comparison in 
Figure 4-4, Figure 4-8 and Figure 4-9. 
Korotev (2000) grouped the Apollo 17 melt rocks into four groups. Groups P 
and A represent the poikilitic and aphanitic melt rocks, which are the two 
textural and compositional groups dominating melt rock suites at the Apollo 17 
landing site. He furthermore distinguished a high-Sm group (group H), and also 
attributed a separate group to the compositionally anomalous sample 76055 
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(group O). All seven studied Apollo 17 melt rocks can be attributed to the 
groups A, P and O; while none falls into the group H.  
Five samples fall into group A, four of which come from the same boulder – 
samples 72215, 72235, 72255 and 72275. The first three are chemically very 
similar and close to the average of the group A melts from Korotev (2000). 
Sample 72275 has similar FeO+MgO and K2O contents (Figure 4-3) than the 
other three samples, but it is less feldspathic (Figure 4-1), has a more KREEP-
like Mg# (Figure 4-2) and also higher REE contents (Figure 4-5). The fifth 
sample in the group, 73235, is the most feldspathic (Figure 4-1) and has the 
highest Mg# (Figure 4-2), as well as the lowest K2O (Figure 4-3) and REE 
(Figure 4-5) contents. 
Sample 77035 is texturally a poikilitic melt rock, but Norman et al. (2002) noted 
that it is chemically different to other poikilitic melt rocks. However, the matrix of 
sample 77035 analysed here is chemically similar to the other poikilitic melt 
rocks of Norman et al. (2002) (Figure 4-4 and Figure 4-8). This sample split is 
therefore assigned to the group P. The additionally analysed clast of 77035 
(split ,249; see section 2.3.28) has a low feldspathic content (Figure 4-1) 
combined with a low REE content (Figure 4-5 and Figure 4-8), which is unusual. 
It also has a high Mg# (Figure 4-2), and therefore likely represents an Mg-suite 
lithology. 
Two splits of sample 76055 have been analysed. Both splits group close to the 
average of group O, which has been invoked for the chemically distinct sample 
76055. The analysed splits show the characteristic mafic content (Figure 4-3), 
high Mg# (Figure 4-2) and intermediate REE contents (Figure 4-5 and Figure 
4-8). 
 
4.1.1.5. Apollo 17 – Feldspathic granulitic impactites 
Samples 76235 and 78155 are described as “feldspathic granulitic impactites” 
(Meyer, 2012, and references therein) and therefore they are grouped together 
here under the abbreviation “FGI” (Table 4-6). The relict clastic texture and high 
abundance of meteoritic siderophiles in sample 76235 and the high Ir content of 
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sample 78155 lead to the classification of these samples as impactites (Meyer, 
2012). While these two samples are not impact melt rocks like the other here 
analysed samples, they were included in this study for the following reasons: (1) 
sample 76235 comes from the Station 6 boulder which might constitute 
Serenitatis ejecta (see section 2.2.3): (2) sample 76235 could therefore 
represent one of the parent lithologies of Serenitatis ejecta melt rock at Apollo 
17: (3) Sample 78155 seems to contain (apart from its contamination of 
meteoritic material) only a mix of different highland materials, but no KREEP-
component (Warner et al., 1977). Although the sample seems to be exotic to 
the Apollo 17 site (Meyer, 2012) and therefore cannot be directly related to any 
other sample studied here, it offers valuable insights into the possible 
composition of a highland lithology prior to the addition of a KREEP component; 
(4) Both samples have the lowest REE contents (La: 3.2-4.3 ppm) of any 
sample studied here and even exhibit REE patterns with slight positive Eu-
anomalies, similar to the clast of sample 77035 (Figure 4-8). In contrast to this 
clast, however, they are more feldspathic (Al2O3: 25.3-26.1 wt%; Figure 4-1) 
and have a lower Mg# (68-73; Figure 4-2).  
 
4.1.1.6. Apollo 14 – Sample 14310 
Sample 14310 is the only Apollo 14 sample studied here. It has been grouped 
by Vaniman and Papike (1978) with some of the Apollo 16 samples studied 
here (60315, 62235, 62295, 65015) in their group D (Table 4-5). Apart from 
sample 62295, those Apollo 16 samples represent the group 1 samples, which 
have similar high REE contents compared to sample 14310 (Figure 4-5, Figure 
4-6 and Figure 4-8). However, 14310 is less mafic (Figure 4-3) and has a lower 
Mg# (Figure 4-2) than those samples. It is also distinct from the Apollo 16 
Group 1 samples in the Sm-Sc plot (Figure 4-4), due to its slightly higher Sc 
content. 
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FIGURE 4-8: CHONDRITIC NORMALISED RARE EARTH ELEMENT PATTERNS OF THE STUDIED 
APOLLO 14 AND 17 SAMPLES. SAMPLE SYMBOLS AS IN TABLE 4-6. REE PATTERNS FROM 
NORMAN ET AL. (2002) ARE DEPICTED WITH TRIANGULAR SYMBOLS; USING THE SAME COLOUR 
CODING FOR GROUPS AS FOR THE SAMPLES STUDIED HERE (SEE TABLE 4-6). DIFFERING SYMBOL 
SIZES ARE FOR ILLUSTRATIVE REASONS ONLY. THE REE-VALUES WERE NORMALISED USING THE 
CHONDRITIC VALUES OF ANDERS AND GREVESSE (1989).  
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4.1.2. Meteoritic siderophiles and Highly Siderophile Elements 
(HSEs) 
Siderophile elements (e.g. Ni and Co) tend to concentrate into metallic phases, 
which lead to an analytical problem with some of the studied samples, which 
contained metal particles (Table 4-1). Those particles could not be crushed, and 
thus were separated before the chemical and isotopic analysis, to ensure the 
highest possible degree of homogenisation throughout the produced powder 
fraction (see section 3.1.1). As a result, the measured concentrations of the 
siderophile elements may not be representative for the bulk rock, as parts of the 
major bearing phase of these elements have been removed. In most of the 
cases the separated metal particles account for less than 0.5 % of the mass of 
the bulk rock (Table 4-1). While separation of these metal grains may have 
reduced the measured Ni and Co contents of the analysed samples, it does not 
seem to have fractionated the Ni/Co ratios as indicated in Fig. 4.9. 
The observed ranges of Ni and Co concentrations are larger for the Apollo 16 
melt rocks (Ni: 35.8-1445 ppm; Co: 6.05-73.4 ppm) than for the Apollo 17 melt 
rocks (Ni: 126-451 ppm; Co: 16.3-43.1 ppm), and the concentrations in sample 
14310 are relatively low (Ni: 155 ppm; Co: 21 ppm). The two FGIs from Apollo 
17 display a similar range of meteoritic contamination than the Apollo 17 melt 
rocks (Ni: 89.7-411 ppm; Co: 16.9-31.5 ppm), while the clast of sample 77035 
shows the lowest Ni content (12.1 ppm) combined with a moderate Co content 
(18.2 ppm). Most of the Apollo 16 rocks tend to have higher Ni/Co ratio (9.7-
19.7) than the Apollo 17 melt rocks (5.1-10.5), with the biggest exception being 
sample 61156 (Ni/Co = 5.9), which has the lowest Ni content (35.8 ppm) of all 
samples (Figure 4-9). Most of the Ni and Co contents of the Apollo 16 melt 
rocks fall into the range of the values found by Korotev (1994; Ni: ~128-2142 
ppm; Co: ~13-131 ppm), which included significantly higher values than 
observed in this study (Figure 4-9).  
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FIGURE 4-9: CO-NI PLOT OF THE STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS 
AS IN TABLE 4-6. SAMPLES WITH A STAR INDICATE SAMPLES FOR WHICH METAL GRAINS HAVE 
BEEN SEPARATED BEFORE ANALYSIS (TABLE 4-1). THE RANGE OF THE 1Ϭ RELATIVE STANDARD 
DEVIATION (3%) OF THE STUDIED SAMPLES IS SHOWN IN THE TOP RIGHT CORNER. THE GREY 
AREA SHOWS THE RANGE OF CO AND NI VALUES FOUND BY KOROTEV (1994) FOR APOLLO 16 
IMPACT MELTS. THE BLACK DOTTED LINE INDICATES THE CHONDRITIC VALUE OF THE CO/NI RATIO 
(= 0.0456) FROM ANDERS AND GREVESSE (1989). 
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A data set of unpublished highly siderophile element (HSE) data was provided 
for this study by Dr. Vickie Bennett and Dr. Marc Norman (Table 4-8) and 
acquired by the same methods as described in Norman et al. (2002). 
Similarly to the meteoritic siderophiles Ni and Co, the observed ranges of HSE 
concentrations is larger for the Apollo 16 melt rocks (Ir: 3.58-37.0 ppb; Re: 0.42-
3.85 ppb; Ru: 7.94-69.5 ppb; Pt: 9.92-89.0 ppb; Pd: 6.53-82.7 ppb) than for the 
Apollo 17 melt rocks (Ir: 4.25-11.5 ppb; Re: 0.38-1.05 ppb; Ru: 6.08-20.7 ppb; 
Pt: 8.27-25.3 ppb; Pd: 7.31-18.9 ppb). The two FGIs from Apollo 17 display a 
similar range of HSEs (Ir: 6.65-20.2 ppb; Re: 0.46-1.78 ppb; Ru: 7.45-25.4 ppb; 
Pt: 10.4-34.6 ppb; Pd: 3.28-20.7 ppb) than the Apollo 17 melt rocks. Two 
separately analysed metal beads from sample 60335 show significantly higher 
HSE concentrations (Ir: 1322-1660 ppb; Re: 154-173 ppb; Ru: 2075-3241 ppb; 
Pt: 3711-4229 ppb; Pd: 3222-4905 ppb), and the clast from sample 77035 
shows the lowest HSE concentrations of the whole data set (Ir: below detection; 
Re: 0.01 ppb; Ru: 0.01 ppb; Pt: 0.05 ppb; Pd: 0.22 ppb). For the Apollo 16 
samples, two separates were analysed for each sample, which in most cases 
reveal inter sample variations in the HSE contents (see Table 4-8), with the 
largest variation found in sample 60335 (Ir: 3.58-21.5 ppb; Re: 0.42-2.43 ppb; 
Ru: 9.60-36.9 ppb; Pt: 9.98-57.2 ppb; Pd: 14.6-52.0 ppb). The HSEs are 
generally correlated with each other, but there is scatter, which seems to 
increase with higher HSE concentrations (e.g. Figure 4-10). Furthermore, the 
HSE signature in the Apollo 17 samples and Apollo 16 group 3 samples is 
similar to those found in different chondrites (Figure 4-11 and Figure 4-12), 
while most Apollo 16 group 1 and 2 samples show HSE patterns that are more 
strongly fractionated (compared to chondrites), especially in Ru and Pd (Figure 
4-12). Metal bead 1 from sample 60335 shows the same HSE pattern as the 
Apollo 16 group 1 and 2 samples, while the pattern shown by bead 2 is slightly 
different (Figure 4-12). 
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TABLE 4-8: HIGHLY SIDEROPHILE ELEMENT (HSE) DATA PROVIDED BY DR. VICKIE 
BENNETT AND DR. MARC NORMAN. THE ANALYTICAL PRECISION IS 3% (1Ϭ STANDARD 
DEVIATION) AS IN NORMAN ET AL. (2002).  
 
Split Ir [ppb] Re [ppb] Ru [ppb] Pt [ppb] Pd [ppb] 
60315 n.a. 
21.3 2.29 45.5 56.7 67.2 
11.2 1.21 27.5 32.6 38.7 
60335 n.a. 
21.5 2.43 36.9 57.2 52.0 
3.58 0.42 9.60 9.98 14.6 
62235 n.a. 
17.9 1.82 35.5 44.3 41.0 
21.2 2.06 42.9 47.8 43.3 
63355 n.a. 
18.8 2.03 39.1 49.2 48.1 
19.4 2.14 41.0 51.3 55.6 
65015 n.a. 
27.2 2.91 53.4 68.8 69.8 
20.0 2.15 40.4 51.2 52.9 
65055 n.a. 
6.15 0.55 9.66 11.9 6.53 
6.48 0.58 10.3 12.5 6.57 
66095 n.a. 
19.4 2.14 43.8 53.8 59.7 
37.0 3.85 69.5 89.0 82.7 
67235 n.a. 
33.5 3.48 66.0 84.1 79.1 
19.7 2.12 39.2 50.5 45.8 
68415 n.a. 
10.2 0.95 16.6 21.3 14.6 
5.99 0.55 10.0 12.3 8.45 
68416 n.a. 
7.20 0.67 11.8 14.7 10.9 
5.00 0.44 7.94 9.92 7.14 
72215 n.a. 4.64 0.44 7.36 9.61 7.31 
72235 n.a. 5.29 0.48 7.88 10.5 8.18 
72255 n.a. 5.80 0.52 8.99 11.6 8.55 
72275 n.a. 4.25 0.38 6.08 8.27 7.32 
73235 n.a. 4.50 0.43 7.30 9.27 7.50 
76055 
87 11.5 1.05 20.7 25.3 n.a. 
88 9.31 0.86 15.7 19.6 16.4 
76235 n.a. 20.2 1.78 25.4 34.6 20.7 
77035 
248 10.3 1.02 17.9 22.3 18.9 
249 b.d. 0.01 0.01 0.05 0.22 
78155 n.a. 6.65 0.46 7.45 10.4 3.28 
60335 
Metal 
Beads 
1-1 1655 173 3179 4229 4905 
1-2 1661 173 3241 4186 4894 
2 1322 154 2075 3711 3222 
Orgueil 454 36.8 637 854 614 
Allende 810 67.4 1089 1450 764 
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FIGURE 4-10: PD-IR PLOT OF THE STUDIED SAMPLES AND LITERATURE DATA. THE ERROR BARS 
OF THE STUDIED SAMPLES SHOW THE 1Ϭ RELATIVE STANDARD DEVIATION (3%). SAMPLE 
SYMBOLS AS IN TABLE 4-6. THE DASHED LINES INDICATE THE DIRECTION TOWARDS THE VALUES 
OF THE THREE SEPARATELY ANALYSED METAL BEADS FROM SAMPLE 60335. TRIANGLES SHOW 
LITERATURE VALUES FOR APOLLO 16 AND 17 IMPACT MELT ROCKS FROM NORMAN ET AL. (2002), 
PUCHTEL ET AL. (2008), FISCHER-GÖDDE ET AL. (2012) AND LIU ET AL. (2015), WITH THE 
COLOUR CODE CORRESPONDING WITH THE CODE LISTED IN TABLE 4-6. THE BLACK CROSS 
SHOWS THE VALUE FOR THE PRIMITIVE UPPER MANTLE (PUM), WHILE THE DOTTED LINES 
INDICATE THE DIRECTION TOWARDS THE VALUES OF DIFFERENT CHONDRITES (FROM WALKER, 
2009). 
119 
 
FIGURE 4-11: RU/RE-PD/PT PLOT OF THE STUDIED SAMPLES AND LITERATURE DATA. THE 
ERROR BARS OF THE STUDIED SAMPLES SHOW THE PROPAGATED 1Ϭ RELATIVE STANDARD 
DEVIATION (6%). SAMPLE SYMBOLS AS IN TABLE 4-6. THE GREEN SQUARES (WITH CROSSES 
INSIDE) SHOW THE VALUES OF THE TWO SEPARATELY ANALYSED METAL BEADS FROM SAMPLE 
60335. TRIANGLES SHOW LITERATURE VALUES FOR APOLLO 16 AND 17 IMPACT MELT ROCKS 
FROM NORMAN ET AL. (2002), PUCHTEL ET AL. (2008), FISCHER-GÖDDE ET AL. (2012) AND LIU 
ET AL. (2015), WITH THE COLOUR CODE CORRESPONDING WITH THE CODE LISTED IN TABLE 4-6. 
BLACK CROSSES SHOW THE VALUES FOR DIFFERENT CHONDRITES AND THE PRIMITIVE UPPER 
MANTLE (PUM) (FROM WALKER, 2009).  
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FIGURE 4-12: DOUBLE NORMALISED HSE PATTERNS OF THE STUDIED SAMPLES AND LITERATURE 
DATA. THE HSES WERE NORMALISED TO THE RESPECTIVE HSE CONCENTRATION IN THE SAMPLE 
OF ORGUEIL MEASURED IN THIS STUDY (SEE TABLE 4-8), AND TO THE IR CONCENTRATION OF THE 
RESPECTIVE SAMPLE. THE ERROR BARS OF THE STUDIED SAMPLES SHOW THE PROPAGATED 1Ϭ 
RELATIVE STANDARD DEVIATION (9%). SAMPLE SYMBOLS AS IN TABLE 4-6. THE BOLD 
CONTINUOUS LINES SHOW THE PATTERNS OF THE THREE SEPARATELY ANALYSED METAL BEADS 
FROM SAMPLE 60335. THE BOLD DASHED LINES SHOW THE PATTERNS OF DIFFERENT CHONDRITES 
(FROM WALKER, 2009). 
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4.2. Geochronology of Apollo 14, 16 and 17 impact melt rocks – New 
40Ar/39Ar ages and tabulation and correction of literature values 
This section presents 40Ar/39Ar age data obtained for the Apollo 14 and 16 melt 
rocks (FIGURE 4-15 to FIGURE 4-46) and a literature review of the existing age 
data on these rocks, as well as on the Apollo 17 melt rocks. First the 
terminology that is used to describe the age data is outlined (section 4.2.1), 
followed by an account of how literature age data were corrected to allow the 
best degree of comparability between the data sets (section 4.2.2). Following 
this, the different disturbances that seem to have affected the argon systems of 
the samples studied here are introduced (section 4.2.3). Then, the possible 
effects of solar wind and radiation on the argon systems of the studied samples 
are considered (section 4.2.4). Furthermore, the relationship between the 
visually assessed structure of the analysed grains, the K/Ca ratios associated 
with the 40Ar/39Ar release patterns and the likelihood to obtain a plateau age is 
evaluated (section 4.2.5). Then, a detailed sample-by-sample description of the 
age data from this and other studies is given (section 4.2.6). Finally, an 
assessment of the best age estimate for the melt-forming event of each sample 
is made (section 4.2.7).  
 
4.2.1. Terminology 
The way in which plateau ages in the 40Ar/39Ar method are identified and 
characterised has developed and changed over the years (McDougall and 
Harrison, 1999, p. 111). Throughout the work presented here, plateau ages are 
assessed following the criteria of Jourdan (2012). This means, that the 
probability of fit (p-value) for a plateau has to be >0.05. This value is assessed 
in a χ2-test (done with ArArCALC (Koppers, 2002)). The term ‘plateau age’ is 
reserved for plateaus that contain ≥70% of the released 39Ar, as this provides a 
high probability of a correct age – or more specifically, minimises the chance 
that the determined age is an artefact in a disturbed spectrum (for more details 
on disturbances see section 4.2.3). If a plateau contains 50-70% of the released 
39Ar, it is referred to as a ‘mini-plateau’. Mini-plateau ages are “possibly valid” 
(Jourdan, 2012) or likely do not deviate much from the actual 40Ar/39Ar age of 
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the sample. Plateaus that contain <50% of the released 39Ar are termed 
‘minimum ages’. Unlike in the case of the mini-plateau age, in the case of a 
minimum age it cannot be inferred that this age is likely close to the actual 
40Ar/39Ar age of the sample, even though this can be the case. The term 
minimum age will also be applied if no plateau at all is found, in which case the 
oldest age step is referred to as the minimum age. This terminology is applied 
to the here presented data, as well as to the literature data. If a plateau or mini-
plateau age from the literature does not confirm to the criteria outlined above, or 
if these criteria cannot be evaluated, this age is grouped as a minimum age. 
This is solely for the purpose of this study, to allow comparison of 40Ar/39Ar ages 
that fulfil the criteria applied here.  
Apart from the plateau age, there are three other ways to calculate an age from 
the measured data. These three ages - the isochron age, the inverse isochron 
age and the total fusion age – were obtained using ArArCALC (Koppers, 2002) 
and are presented alongside the calculated plateau ages. The normal isochron 
is obtained from a 40Ar/36Ar-39Ar/36Ar plot, while the inverse isochron is obtained 
from a 36Ar/40Ar-39Ar/40Ar plot. The inverse isochron can be used to identify and 
to correct for trapped argon components (Jourdan, 2012). Both isochron ages 
should be concordant (within error) with the plateau age and each other. The 
total fusion age on the other hand, is obtained from all age spectra steps. Thus, 
in the case of a plateau age that does not contain 100% of the released 39Ar, 
the total fusion age will likely be different to the plateau age. But even if the 
plateau age stems from a 100% plateau, the plateau age and total fusion age 
are not necessarily the same, as they are calculated differently. The total fusion 
age is calculated from all individual steps which are weighted according to the 
fraction of released 39Ar, while the plateau age is calculated from all individual 
steps which are weighted according to the inverse variance of each step (Fleck 
et al., 1977). However, despite the different modes of calculation, both ages 
should be the same within error in the case of a 100% plateau. 
The ages are reported with a 2σ external standard error. Additionally the 
internal error is given in brackets (e.g. 3829 ± 15 {10} Ma). The external error 
takes into account the propagation of errors from values that are the same for 
all the Ar ages of the presented data set (i.e. J-value, flux monitor age), while 
the internal error only accounts for the variability of the release steps used to 
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calculate the plateau age. Thus the internal error can only be used if ages of 
samples of the same batch (i.e., samples which were irradiated together) are 
compared with each other (e.g., when testing for possible cogenetic 
relationships, by comparing age differences). If the reported ages are compared 
to ages from other studies or if an absolute age statement is made, the external 
error has to be used. Therefore, if not stated otherwise, the external error will be 
used throughout this study. In this study, all samples were analysed in a single 
irradiation, except for samples 61016, 61156, 62235 and 62295, which were 
analysed a second time in a different batch. For these analyses only the 
external error is given, to account for the different J-value of this batch. 
 
4.2.2. Recalculation and correction of literature values 
To allow comparison of the ages determined here with those obtained by 
previous studies, all ages have to be calculated using the same parameters 
such as decay constants and flux monitor ages. Grange et al. (2010) compiled 
lunar Ar ages which comply to the criteria for plateau ages outlined above. In 
this study an updated version of this database is used (see section 5.3.4). Ages 
from this database will be referred to as ‘recalculated’. However, the majority of 
lunar Ar ages were excluded from this database, either because a recalculation 
was not possible due to missing data and/or information on crucial parameters, 
or because they did not comply with the specific criteria used here for a plateau 
age. Nevertheless, these excluded data still hold valuable age information. For 
example, while the used criteria might exclude an age from the list of plateau 
ages, this age is still at least a minimum age. To allow comparison of these non-
plateau ages with the recalculated ages and the ages obtained in this study a 
correction was made which includes an update to the used decay constant and 
an update of the flux monitor age. This correction is applied to the ages as they 
are stated in the respective publications. These ages are referred to as 
‘corrected’. 
The following equation (derived from equations 2.16 and 2.18 in McDougall and 
Harrison (1999)) was used to correct for changes in the decay constant and the 
age of the flux monitor. 
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EQ. 14  𝒕𝒏𝒆𝒘 =
𝟏
𝝀𝒏𝒆𝒘
∙ 𝐥𝐧 (
(𝒆𝒕𝒐𝒍𝒅∙𝝀𝒐𝒍𝒅−𝟏)∙(𝒆
𝒕𝒇,𝒏𝒆𝒘∙𝝀𝒏𝒆𝒘−𝟏)
(𝒆
𝒕𝒇,𝒐𝒍𝒅∙𝝀𝒐𝒍𝒅−𝟏)
+ 𝟏)  
The decay constants (λold) and the flux monitor ages (tf,old) which were used to 
calculate the ages (told) in the original publications are given in TABLE 4-9. The 
corrected age (tnew) is calculated using the decay constants of Steiger and 
Jäger (1977) [λnew = 5.543 * 10
-10 a-1 {λβ = 4.962 * 10
-10 a-1, λe = 5.81 * 10
-11 a-1}]. 
The following revised flux monitor ages (tf,new) were used for the correction:  
Hb3gr: 1.074 Ga (Jourdan et al., 2006) 
NL-25-2: 2.65 Ga (Jourdan and Renne, 2007) 
St Severin: 4.425 Ga (Niemeyer, 1979) 
MMhb-1: 0.5231 Ga (Renne et al., 1998) 
For the flux monitors used in Stettler et al. (1973) (CC 27) and York et al. (1972) 
(Gill Quarry Nepheline Standard) no revised age is available, thus the age given 
in the original publication is used (TABLE 4-9). 
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TABLE 4-9: TABULATION OF THE 
40
K DECAY CONSTANT (λold) AND THE FLUX MONITOR AGES (tf,old) 
USED IN CITED STUDIES. WHEN VALUES WERE NOT EXPLICITLY MENTIONED IN THE RESPECTIVE 
STUDIES, THE VALUES WERE INFERRED FROM THE CONTEXT (EITHER FROM REFERENCES THAT 
WERE CITED IN THE METHOD SECTION AND/OR REFERENCES CITED TO COMPARE AGES). 
1
: THE DECAY CONSTANT WAS NOT EXPLICITLY MENTIONED.  
2
: THE FLUX MONITOR AND/OR THE USED FLUX MONITOR AGE WAS NOT EXPLICITLY MENTIONED. 
 
Literature Rb-Sr ages were also corrected using the 87Rb decay constant (λnew = 
1.3971 * 10-11 a-1) obtained by Rotenberg et al. (2012). The corrected age (tnew) 
was calculated using the following equation: 
EQ. 15  𝒕𝒏𝒆𝒘 =
𝒕𝒐𝒍𝒅∙𝝀𝒐𝒍𝒅
𝝀𝒏𝒆𝒘
  
To correct the originally calculated ages (told) the decay constant (λold) used to 
calculate this age has to be known. In Papanastassiou and Wasserburg (1971), 
Papanastassiou and Wasserburg (1972b), Tera et al. (1974) and Shih et al. 
Reference λold [a
-1] tf,old [Flux Monitor] 
Stettler et al. (1973) 
5.305 * 10
-10
 
(λβ = 4.72 * 10
-10 
λe = 5.85 * 10
-11
) 
2.65 Ga [CC-27] 
Turner et al. (1973) 
1.062 Ga [Hb3gr] 
Huneke et al. (1973)
2
 
Jessberger et al. (1974)
1,2
 
Turner and Cadogan (1975)
1,2
 
Cadogan and Turner (1976)
1,2
 
Kirsten et al. (1973a) 1 
2.68 Ga [NL-25-2] 
Kirsten et al. (1973b)
1
 
Leich et al. (1975)
1
 
4.504 [St Severin] 
Phinney et al. (1975) 
Schaeffer et al. (1976)
2
 
2.668 Ga [NL-25-2] 
Husain and Schaeffer 
(1973)
1,2
 
Jessberger et al. (1976)
1,2
 
Jessberger et al. (1977a)
1,2
 
Schaeffer et al. (1982)
1,2
 
Turner et al. (1971) 5.304 * 10
-10
 
(λβ = 4.72 * 10
-10 
λe = 5.84 * 10
-11
) 
1.062 Ga [Hb3gr] 
York et al. (1972) 0.984 Ga [Gill Quarry Nephelin] 
Oberli et al. (1979) 
5.543 * 10
-10
 
(λβ = 4.962 * 10
-10 
λe = 5.81 * 10
-11
) 
n/a 
Dalrymple and Ryder (1996) 
0.5139 Ga [MMhb-1] 
Norman et al. (2006) 
Fernandes et al. 
1
 n/a 
Hudgins et al. (2008) 1.072 Ga [Hb3gr] 
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(1992) a value of 1.39 * 10-11 a-1 is explicitly mentioned. In Tatsumoto et al. 
(1972), Composton et al. (1972), Murthy et al. (1972), Mark et al. (1974), 
Composton et al. (1975) and Compston et al. (1977) the value of the decay 
constant is not mentioned, so it is assumed that the same value as in the other 
publications was used. 
 
4.2.3. Disturbances 
40Ar/39Ar release spectra of lunar samples rarely exhibit 100% 39Ar release 
plateaus. Most spectra either show no plateau at all, or the plateau is 
accompanied by pre- and/or post-plateau release steps which exhibit an age 
younger and/or older than the plateau itself. These disturbed non-plateau steps 
can be the result of various processes. The here presented Ar age spectra 
exhibit three common disturbances observed in lunar rocks. The following 
description of these disturbances is based on McDougall and Harrison (1999) 
and references therein, if not otherwise indicated. 
 
4.2.3.1. Diffusive loss 
The most common disturbance, caused by diffusive loss, is a displacement 
towards younger ages in the low-temperature steps of the spectrum (e.g. Figure 
4-15). Typically, the lowest temperature step is the youngest age step, from 
which the inferred ages for individual steps monotonically rise towards the older 
ages observed in the high-temperature release steps. This spectra shape can 
be explained by diffusive loss of radiogenic argon from less Ar retentive sites 
within the sample. Such loss could be the result of one or several heating 
events that affected the sample after the last complete degassing of Ar from the 
system. Under the assumption that the diffusive loss was caused by a single 
heating event, the youngest age step gives a maximum age for this event. The 
most likely cause for reheating of a sample in the lunar environment is impact 
induced heating, which in geological terms will be relatively short lived (for more 
details, see section 5.2.2). 
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The model data shown in Figure 4-13 illustrate the effect of a short (100 min) 
and intense (1000 °C) heating event on a sample that originally crystallised 
3.895 Ga. Due to the diffusive loss induced by the event no plateau age can be 
obtained from the modelled spectra, independent of when the event occurred 
(3, 2, 1 Ga or at present). The overall disturbance of the spectra is stronger the 
closer the heating event occurred to the present day. Figure 4-14 shows model 
data for heating events of varying timespans (1, 3, 8 and 10 min at 1000 °C) 
that happened at present times. Due to the diffusive loss only 80% (1 min 
event), 70% (3 min event) and 60% plateaus (8 and 10 min events) can be 
obtained from the model spectra. The 80% and 70% plateaus produce ages 
(3.889 ± 0.016 Ga and 3.879 ± 0.017 Ga) that are within error identical to the 
crystallisation age of 3.895 Ga, while the 60% plateau-ages (3.870 ± 0.018 Ga 
and 3.864 ± 0.018 Ga) are younger. This supports the decision to adopt the 
plateau-age criterion from Jourdan (2012) in this study (see section 4.2.1), 
which treats every plateau-age based on less than 70% of released 39Ar as a 
minimum age.  
 
4.2.3.2. 39Ar (and 37Ar) recoil 
Another disturbance, caused by 39Ar recoil, is reflected by a displacement of the 
highest temperature steps towards younger ages, compared to the preceding 
steps. Unlike diffusive loss, this disturbance is not introduced by natural 
processes, but occurs during irradiation of the sample. The 39Ar that is produced 
during the irradiation can travel a certain distance between 0-0.4 µm, depending 
on the energy it is left with after its formation. As a result, the 39Ar that is formed 
in a K-rich phase near a grain boundary can penetrate into a neighbouring K-
poor phase. Due to the concentration differences between the two phases, this 
stream of 39Ar into the K-poor phase is not counterbalanced by the 39Ar stream 
from the K-poor phase into the K-rich phase. As a result the rim of the K-poor 
phase will exhibit an excess of 39Ar, which will result in the calculation of a 
younger apparent age. If this K-poor phase is also very Ar retentive (e.g. 
pyroxene, olivine) this apparent young age will be displayed in the highest 
temperature step(s). Due to the low K content of the K-poor phase the produced 
age step should also exhibit a low K/Ca ratio. A good example can be seen in 
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the last age step of grain #1 of sample 67095 (Figure 4-40). Recoil can also 
affect the 37Ar (produced from the irradiation of Ca) distribution between Ca-rich 
and poor phases (Jourdan, 2012). For a more detailed discussion on recoil 
effects in the samples studied here see section 5.2.3. 
 
4.2.3.3. Monotonic decrease spectra 
The last observed disturbance is the most enigmatic. It is characterised by high 
apparent first age steps, followed by a monotonic decrease in the apparent 
ages with increasing temperature steps. These spectra have been observed in 
fine grained-lunar breccias (Turner et al., 1971) and Apollo 12 basalts (Stettler 
et al., 1973). Those samples have in common that they contain microcrystalline 
and/or glassy phases. They furthermore show total fusion ages similar to 
plateau ages of related samples. This lead to the conclusion that those age 
spectra might be the result of close-system redistribution within the sample, 
possibly by shock heating or melting. If Ar is only redistributed within the studied 
sample, than the total fusion age of the sample will be a good measure of the 
age of the sample. However, effects like 39Ar recoil or loss of 39Ar during 
irradiation might also account for the effect. Fernandes et al. (2013) suggested 
that the effect could also be the result of shock re-implantation. As the actual 
reason for this type of spectrum is a matter of debate, the abbreviation “md” 
(based on the monotonic decrease of the apparent ages) will here be used to 
refer to this kind of age spectra. For a more detailed discussion of md-spectra in 
the samples studied here see sections 5.2.5 to 5.2.7. 
 
4.2.4. Solar wind and exposure ages 
36Ar and 38Ar can be implanted into lunar samples by solar wind particles and 
38Ar can additionally be created by spallation induced by solar radiation from 
40Ca (Levine et al., 2007; Turner et al., 1971). This effect can be used to 
calculate exposure ages for lunar samples (see section 3.2.4). It also means 
that this effect has to be considered in the calculation of 40Ar/39Ar ages. 
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Corrections were applied to the different Ar isotopes as discussed in section 
3.2.2. 
 
4.2.5. The relationship between grain structure, the K/Ca ratio and 
the obtained age plateau 
For this study, single grains were picked and analysed. A single grain here 
means a single particle in the size range of ~0.1 - ~0.5 mm2. In the best case, 
these single grains will consist of a single mineral phase. This is the best case, 
as it minimises the chance of 39Ar recoil. However, the grain can still be affected 
by diffusive loss. Nevertheless, the spectrum is more easily interpretable than a 
spectrum of several grains or several different mineral phases, which could be 
differently affected by the diffusive loss. The second best option is that the grain 
consists of more than one mineral subgrain, but that the different subgrains are 
of the same mineral. This again would minimise the chance of 39Ar recoil, but 
could mean that the separate grains were differently affected by diffusive loss. 
For example, a small mineral grain could be more strongly affected by diffusive 
loss than a larger grain of the same mineral and composition. The resulting age 
spectrum would be a mass-weighted mixture of the age spectra of both grains, 
with the prevalent signature coming from the larger grain as it contributes more 
39Ar. However, due to the stronger diffusive loss experienced by the smaller 
grain, the resulting age spectra could be more disturbed than if it would have 
been possible to measure the age spectra of the large grain only. The least 
desirable case is a grain that consists of different minerals (i.e. a rocklet). In this 
case 39Ar recoil can additionally affect the age spectra and different diffusional 
domains can contribute to each heating step. TABLE 4-10 lists the ages 
obtained in this study alongside different parameters and a description of the 
grains. This description is based on how the grains appeared under the 
targeting camera for the laser before the analysis. Therefore, this description is 
not very detailed, due to a restricted magnification and because the view on the 
grain was restricted to one side. The focus of the description is on how many 
different domains could be identified. A domain here means a region that is 
different in colour and/or texture to a neighbouring region. Due to the 
restrictions described above it was not possible to assess visually whether 
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different domains correspond to different mineral phases and/or simply to 
different surface textures. However, it can be said that, with one exception, all 
grains for which only one domain could be identified yielded a plateau (6 grains) 
or at least a mini-plateau (2 grains) age. The exception is grain #2 of sample 
67095, which was an anomalous grain with only very small amounts of argon. It 
therefore only yielded two age steps, which are the same age. While grains with 
two or more domains also yielded plateau (5 grains) and mini-plateau (2 grains) 
ages, more than half of the grains for which different domains could be 
identified (10 grains) yielded no age. 
The K/Ca ratios (listed in TABLE 4-10 and shown in FIGURE 4-15 to FIGURE 
4-46) provide another way to evaluate different compositional domains. In most 
of the cases in which the K/Ca pattern gives a clear indication whether one or 
more compositional domains were degassed, the assessment agrees with the 
assessment based on the visual information on the structure of the analysed 
grain. Only for the samples 61015 (grain #1), 64476, 64536 and 64537 the two 
assessments are different. In all four cases the visual assessments lead to the 
assumption of different domains, while the K/Ca ratio indicated the degassing 
from a compositionally homogenous domain. If the visual assessment was, 
despite its limitations, correct, this might indicate that the analysed particle 
consisted of domains of the same mineral. 
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FIGURE 4-13: MODEL SPECTRA OF A 
PLAGIOCLASE SPHEREOF 150 µM THAT WAS 
CRYSTALLISED 3.895 GA AND LATER HEATED TO 
1000 °C FOR 100 MIN AT 3 GA (UPPER LEFT 
SPECTRUM), 2 GA (UPPER RIGHT SPECTRUM) AND 
1 GA (LOWER LEFT SPECTRUM) AS WELL AS AT 
PRESENT TIMES (LOWER RIGHT SPECTRUM). THE 
MODELLING WAS DONE USING THE SAME 
PARAMETERS (PRE-EXPONENTIAL FACTOR D0 = 
0.0498 CM
2
/S; ACTIVATION ENERGY EA = 196 
KJ/MOL) AS JOURDAN ET AL. (2014), WHICH THEY 
DERIVED FROM LUNAR ANORTHOSITIC 
PLAGIOCLASE DATA FROM CASSATA AND RENNE 
(2013). THE AGE-
39
AR RELEASE CURVE WAS 
CALCULATED USING EQUATION 5.19 AND THE 
EQUATIONS FOR THE FRACTIONAL LOSS FROM A 
SPHERE FROM TABLE 5.1 FROM MCDOUGALL AND 
HARRISON (1999). THE PLATEAU STEPS WERE 
SET TO CONTAIN 10% OF THE RELEASED 
39
AR 
EACH, AND WERE FURTHERMORE ALL ASSIGNED A 
40 MA 2Ϭ STANDARD ERROR. THE MODEL 
CRYSTALLISATION AGE, THE NUMBER OF STEPS IN 
THE SPECTRUM AND THE STANDARD ERROR OF 
EACH STEP WERE CHOSEN TO BE SIMILAR TO 
SAMPLE 64815 (PLATEAU AGE: 3.895 GA; 11 
STEPS; AVERAGE 2Ϭ STANDARD ERROR PER STEP: 
± 39 MA). FOR THIS SAMPLE (SEE SECTION 
4.2.6.15) THE BEST CONSTRAINED PLATEAU AGE 
OF THIS STUDY (100% 
39
AR; 2Ϭ STANDARD 
ERROR OF PLATEAU AGE: ± 12 MA) WAS 
OBTAINED. THIS SAMPLE THEREFORE PROVIDES 
THE UPPER LEVEL OF THE QUALITY OF THE AR 
DATA, I.E. THE BEST CASE SCENARIO.   
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FIGURE 4-14: PLATEAU AGES FROM MODEL 
SPECTRA OF A PLAGIOCLASE SPHERE OF 150 µM 
THAT WAS CRYSTALLISED 3.895 GA AND HEATED 
AT PRESENT DAY TO 1000 °C FOR 1 MIN (UPPER 
LEFT SPECTRUM), 3 MIN (UPPER RIGHT 
SPECTRUM), 8 MIN (LOWER LEFT SPECTRUM) AND 
10 MIN (LOWER RIGHT SPECTRUM) RESPECTIVELY. 
PLATEAU STEPS ARE FILLED WITH RED. THE USED 
MODEL IS THE SAME AS IN FIGURE 4-13. 
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TABLE 4-10: LIST OF THE PLATEAU AND MINI-PLATEAU AGES OBTAINED IN THIS STUDY. FOR SAMPLES FOR WHICH NO PLATEAU AGE COULD BE OBTAINED 
THE OLDEST AGE STEP IS LISTED. SPLIT NUMBERS WERE ASSIGNED TO THE SPLITS BY NASA WHEN THEY WERE ALLOCATED TO DR. MARC NORMAN. THE 
SPLITS WERE UP TO 3 G, AND WERE SPLIT INTO TWO FRACTIONS. ONE FRACTION WAS USED FOR THE 
40
AR/
39
AR DATING, THE REMAINING FRACTION WAS 
USED FOR THE OTHER ANALYSIS PRESENTED IN THIS STUDY (FOR DETAILS SEE SECTION 3). “NR.” REFERS TO THE NUMBER OF DIFFERENT ANALYSED 
GRAINS FOR ONE SAMPLE. THE NUMBERS WERE ASSIGNED IN CHRONOLOGICAL ORDER (I.E. GRAIN #1 WAS ANALYSED BEFORE GRAIN #2). “
39
AR” GIVES 
THE FRACTION OF RELEASED 
39
AR WITHIN THE PLATEAU STEPS. “PLATEAU” SHOWS WHETHER THE PLATEAU IS CONSIDERED A PLATEAU (>70 % OF THE 
RELEASE 
39
AR) OR A MINI-PLATEAU (50 TO <70% OF THE RELEASED 
39
AR). “STEPS” GIVES THE NUMBER OF STEPS THAT MAKE UP THE PLATEAU AS WELL 
AS THE TOTAL AMOUNT OF STEPS IN THE RELEASE PATTERN. “MSWD” GIVES THE MEAN SQUARE WEIGHTED DEVIATION FOR THE OBTAINED PLATEAU, 
WHILE “P” GIVES THE PROBABILITY OF FIT (OR P-VALUE) FOR THE OBTAINED PLATEAU. IF THE P-VALUE IS > 0.05 A PLATEAU IS CONSIDERED TO BE 
STATICALLY SIGNIFICANT. “AGE” GIVES THE AGE THAT WAS DERIVED FROM THE OBTAINED PLATEAU. “IE” AND “”EE” GIVE THE 2Ϭ INTERNAL ERROR AND 
EXTERNAL ERROR RESPECTIVELY. “IE” IS AVAILABLE FOR MOST OF THE ANALYSED GRAINS, AS THEY HAVE BEEN ANALYSED IN THE SAME BATCH. THE 
PLATEAU AGES OF GRAIN #2 OF SAMPLE 61156 AND GRAIN #2 OF 62295 HAVE BEEN OBTAINED FROM GRAINS IN ANOTHER BATCH, THEREFORE NO 
EXTERNAL ERROR FOR THOSE SAMPLES COULD BE GIVEN. UNDER “K/CA” THE OBTAINED “RATIO” AND THE “2Ϭ” ERROR OF THAT RATIO ARE LISTED. 
RATIOS GIVEN WITHOUT PARENTHESES ARE THE VALUES OVER THE WHOLE RELEASE SPECTRUM, WHILE VALUES IN PARENTHESES REFER TO THE VALUE 
FOR THE OBTAINED PLATEAU. IN THE LAST COLUMN A SHORT DESCRIPTION OF THE GRAINS THAT WERE ANALYSED IS GIVEN. THE DESCRIPTION IS BASED 
ON THE OBSERVATION MADE THROUGH THE TARGETING CAMERA. GIVEN IN ANGLE BRACKETS IS THE NUMBER OF DOMAINS AS ONE COULD INFER FROM 
THE K/CA OF THE WHOLE RELEASE PATTERN, WITH “SD” STANDING FOR “SINGLE DOMAIN”, “MD” FOR “MULTIPLE DOMAINS” (I.E. 2 OR MORE) AND “NC” 
FOR “NOT CLEAR”. *FOR DETAILS SEE SECTION 4.2.6.18. 
Sample Split 
Plateau K/Ca Description of analysed grains  
(Based on observations made 
through the targeting camera for the 
laser) 
Nr. 
39
Ar 
[%] 
Plateau Steps MSWD p 
Age 
[Ma] 
IE 
[Ma] 
EE 
[Ma] 
Ratio 2σ 
14310 668 #1 75 Plateau 12 of 16 0.87 0.57 3829 10 15 0.038 (0.026) 0.004 (0.005) One domain. <SD> 
60315 224 #1 58 Mini-Plateau 8 of 16 1.68 0.11 3844 14 18 0.055 (0.027) 0.004 (0.007) Three domains. <MD> 
60335 140 
#1   Oldest age step: 3871 ± 74 Ma 0.0063 0.0003 
Four small domain enclosed by a 
fifth one. <MD> 
#2   Oldest age step: 3877 ± 35 Ma 0.029 0.001 Several domains. <MD> 
60625 29 #1   Oldest age step: 3994 ± 126 Ma 0.0141 0.0008 Several domains. <MD> 
61015 192 
#1   Oldest age step: 3980 ± 62 Ma 0.017 0.001 Several domains. <SD> 
#2   Oldest age step: 3960 ± 29 Ma 233 737 n/a (NC) 
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61016 123 
#1 71 Plateau 6 of 13 1.22 0.3 3644 41 42 0.0056 (0.0042) 0.0004 (0.0008) Two domains. <NC> 
#2   Oldest age step: 3847 ± 86 Ma 0.0060 0.0001 n/a (MD) 
61156 55 
#1 70 Plateau 9 of 15 1.44 0.17 3938 29 31 0.0045 (0.0043) 0.0002 (0.0002) One domain. <SD> 
#2 90 Plateau 15 of 18 0.69 0.78 3979 n/a 44 0.0044 (0.0049) 0.0004 (0.0002) n/a <NC> 
62235 60 
#1 80 Plateau 10 of 13 0.26 0.99 3865 12 17 0.022 (0.017) 0.001 (0.003) One domain. <NC> 
#2   Oldest age steps: 4393 ± 114 Ma and 3913 ± 10 Ma 0.0258 0.0002 n/a <MD> 
62255 166 #1   Oldest age step: 4329 ± 176 Ma 0.0150 0.0007 
Two domains enclosed in a third 
one. <NC> 
62295 179 
#1 100 Plateau 13 of 13 1.7 0.06 3853 35 36 0.0071 (0.0062) 0.0006 (0.0008) Four domains. <NC> 
#2 99 Plateau 17 of 19 1.5 0.09 3886 n/a 25 0.0064 (0.0059) 0.0001 (0.0006) n/a <MD> 
63355 58 #1   Oldest age step: 3522 ± 49 Ma 0.0155 0.0009 
One small and one big domain. 
<MD> 
63549 30 #1 90 Plateau 14 of 16 0.44 0.95 3812 20 23 0.0044 (0.0043) 0.0002 (0.0003) Several domains. <NC> 
64475 105 #1 100 Plateau 20 of 20 0.51 0.96 3888 19 22 0.0133 (0.013) 0.0009 (0.001) One domain. <SD> 
64476 29 #1   Oldest age step: 3522 ± 49 Ma 0.014 0.001 Several domains. <SD> 
64536 42 #1   Oldest age step: 4062 ± 123 Ma 0.0166 0.0009 Several domains. <SD> 
64537 22 #1 99 Plateau 11 of 12 1.11 0.35 3802 15 18 0.0159 (0.015) 0.0009 (0.002) Several domains. <SD> 
64815 28 #1 100 Plateau 11 of 11 0.89 0.54 3895 12 17 0.044 (0.035) 0.003 (0.007) One domain. <NC> 
65055 41 #1 100 Plateau 12 of 12 0.33 0.98 3823 31 33 0.0038 (0.0034) 0.0002 (0.0005) 
Four small domain enclosed by a 
fifth one <NC> 
65075 19 #1   Oldest age step: 2291 ± 13 Ma 0.065 0.003 
Grain was broken in two.* Both 
grains with several domains. <MD> 
67095 115 
#1   Oldest age step: 3829 ± 54 Ma 0.0092 0.0005 Several domains. <MD> 
#2   Only 2 steps! Fusion age: 3455 ± 142 Ma 0.0048 0.0014 One domain. <NC> 
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67235 8 
#1 68 Mini-Plateau 10 of 17 1.49 0.14 3889 13 17 0.020 (0.018) 0.001 (0.002) 
One small and one big domain. 
<MD> 
#2 87 Plateau 12 of 14 1.62 0.09 3890 15 19 0.029 (0.025) 0.005 (0.005) One domain. <SD> 
67935 12 #1 56 Mini-Plateau 9 of 17 1.03 0.41 3840 16 20 0.0176 (0.013) 0.0009 (0.001) One domain. <NC> 
68415 213 #1   Oldest age step: 3842 ± 117 Ma 0.0044 0.0001 Filled with inclusions. <MD> 
68416 118 #1 64 Mini-Plateau 12 of 15 0.37 0.97 3834 42 43 0.0039 (0.0024) 0.0003 (0.0007) 
One domain with small, black 
inclusions. <MD> 
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4.2.6. Compilation of new and literature age data: Sample by sample 
This section contains the detailed sample-by-sample description of the age data 
obtained for this study, and a comparison with literature age data for the 
respective sample. A list of Apollo 17 samples and the Apollo 16 samples 
65015 and 66095 were included in the chemical and isotopic studies, however, 
only fine powdered samples for these were available, which were unsuitable for 
Ar laser analysis. Therefore, for these samples only the literature review is 
given, to allow an estimate on the age of the samples, which is crucial for the 
interpretation of the Sr and Nd isotopic data, presented in the section 4.3. The 
data and literature for samples which come from one boulder (72215, 72235, 
72255 and 72275; 68415 and 68416) or are most certainly cogenetic (64475 
and 64476; 64536 and 64537) are presented together to allow direct 
comparison. TABLE 4-11 summarises the found plateau, normal isochron, 
inverse isochron and total fusion ages found for all the studied samples.  
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TABLE 4-11: LISTS OF THE PLATEAU AND MINI-PLATEAU (MP) AGES OR OLDEST AGE STEPS (OAS) 
OBTAINED FOR THE SAMPLES IN THIS STUDY, ALONGSIDE THE NORMAL ISOCHRON, INVERSE 
ISOCHRON AND TOTAL FUSION AGES. ALSO GIVEN IS THE TRAPPED 
40
AR/
36
AR RATIO (IN 
PARENTHESES NEXT TO THE INVERSE ISOCHRON AGE) WHICH WAS INFERRED FROM THE INVERSE 
ISOCHRON AND THEN USED IN THE CALCULATION OF THE PLATEAU AGE. THE VALUE OF 1 ± 1 
(JOURDAN, 2012) WAS USED WHEN THE INVERSE ISOCHRON APPROACH DID NOT YIELD A VALUE. 
FOR A DETALED DISCUSSION ABOUT THE TRAPPED ARGON COMPONENTS SEE CHAPTER 5.2 IN 
GENERAL, AND 5.2.4 IN PARTICULAR. 
Sample Split Plateau 
Normal 
Isochron 
Inverse Isochron 
[Trapped 
40
Ar/
36
Ar] 
Total 
Fusion Age 
14310 668 3829 ± 15 3851 ± 26 3851 ± 26 [1 ± 1] 3789 ± 9 
60315 224 3844 ± 18 
MP
 3830 ± 21 3878 ± 104 [1 ± 1] 3692 ± 9 
60335 140 
3871 ± 74 
OAS
 n.a. n.a. 3661 ± 17 
3877 ± 35 
OAS
 n.a. n.a. 3697 ± 9 
60625 29 3994 ± 126
 OAS
 n.a. n.a. 3820 ± 12 
61015 192 
3980 ± 62
 OAS
 n.a. n.a. 3808 ± 16 
3960 ± 29
 OAS
 n.a. n.a. 3713 ± 14 
61016 123 
3644 ± 42 3700 ± 91 3633 ± 94 [1 ± 1] 3597 ± 34 
3847 ± 86
 OAS
 n.a. n.a. n.a. 
61156 55 
3938 ± 31 3938 ± 99 4544 ± 1903 [1 ± 1] 3852 ± 23 
3979 ± 44 3972 ± 113 3989 ± 45 [1 ± 1] 3903 ± 292 
62235 60 
3865 ± 17 3865 ± 22 3867 ± 18 [1 ± 1] 3815 ± 12 
4393 ± 114
 OAS
 n.a. n.a. 3686 ± 3 
62255 166 4329 ± 176
 OAS
 n.a. n.a. 3883 ± 12 
62295 179 
3853 ± 36 3791 ± 111 3693 ± 207 [1 ± 1] 3849 ± 31 
3886 ± 25 3867 ± 45 3970 ± 68 [1 ± 1] 3901 ± 26 
63355 58 3522 ± 49 n.a. n.a. 2700 ± 12 
63549 30 3811 ± 23 3815 ± 27 3810 ± 22 [1 ± 1] 3795 ± 20 
64475 105 3888 ± 22 3872 ± 29 3854 ± 28 [255 ± 51] 3896 ± 23 
64476 29 4001 ± 65
 OAS
 n.a. n.a. 3910 ± 26 
64536 42 4062 ± 123
 OAS
 n.a. n.a. 3913 ± 13 
64537 22 3802 ± 18 3801 ± 20 3803 ± 20 [71 ± 5] 3799 ± 15 
64815 28 3895 ± 17 3882 ± 15 3895 ± 13 [33 ± 11] 3895 ± 13 
65055 41 3823 ± 33 3815 ± 49 3825 ± 32 [1 ± 1] 3825 ± 34 
65075 19 2291 ± 13
 OAS
 n.a. n.a. 1199 ± 5 
67095 115 
3829 ± 54
 OAS
 n.a. n.a. 3307 ± 13 
n.a. n.a. n.a. 3455 ± 142 
67235 8 
3889 ± 17 
MP
 3893 ± 18 3898 ± 18 [1 ± 1] 3884 ± 11 
3890 ± 19 3895 ± 18 3887 ± 18 [1 ± 1] 3881 ± 13 
67935 12 3840 ± 20
 MP
 3838 ± 39 3855 ± 91 [1 ± 1] 3720 ± 14 
68415 213 3842 ± 117 n.a. n.a. 3606 ± 17 
68416 118 3834 ± 43
 MP
 3905 ± 89 3815 ± 53 [1 ± 1] 3749 ± 32 
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4.2.6.1. Sample 14310 
I report a weighted plateau age (75% of released 39Ar, 12 of 16 steps, FIGURE 
4-15) of 3829 ± 15 {10} Ma. The total fusion age is slightly younger (3789 ± 9 
Ma) due to the effect of diffusive loss on the first four Ar release steps (25% of 
released 39Ar). The youngest age step gives a maximum age for the disturbing 
event of 3384 ± 133 Ma. The K/Ca ratios vary from 0.022 ± 0.004 to 0.1 ± 0.2 
over the whole spectrum, with the minimum and maximum K/Ca value both 
being associated with age plateau steps. There is no apparent relation between 
the recorded age of a step and the associated K/Ca ratio. The normal isochron 
age (3851 ± 26 Ma) and inverse isochron age (3851 ± 26 Ma) of the plateau 
steps are within error indistinguishable from the plateau age and each other.  
TABLE 4-12: LIST OF AGE DATA FOR SAMPLE 14310 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3829 ± 15 
40
Ar/
39
Ar Plateau Age 
This study 
3789 ± 9 
40
Ar/
39
Ar Total Fusion Age
 
3851 ± 26 Normal Isochron
 
3851 ± 26 Inverse Isochron
 
3829 ± 15
+
 40
Ar/
39
Ar Minimum Age Stettler et al. (1973) 
3844 ± 15* 
3890 ± 40
+
 40
Ar/
39
Ar Minimum Age Turner et al. (1971) 
3838 ± 40* 
3910 ± 50
+
 40
Ar/
39
Ar Minimum Age York et al. (1972) 
3831 ± 50* 
3840 ± 40
+
 
Rb-Sr
 
Isochron Tatsumoto et al. (1972) 
3821 ± 40* 
3870 ± 40
+
 
Rb-Sr
 
Isochron 
Papanastassiou and Wasserburg 
(1971) 3851 ± 40* 
3930 ± 40
+
 
Rb-Sr
 
Isochron Compston et al. (1972) 
3910 ± 40* 
3930 ± 60
+
 
Rb-Sr
 
Isochron Murthy et al. (1972) 
3910 ± 60* 
3940 ± 30
+
 
Rb-Sr
 
Isochron Mark et al. (1974) 
3921 ± 30* 
 
Our plateau age is concordant with corrected minimum Ar-ages reported by 
Stettler et al. (1973; 3844 Ma ± 15), Turner et al. (1971; 3838 ± 40 Ma) and 
York et al. (1972; 3831 ± 50 Ma ). The age is also within error identical with two 
corrected Rb-Sr isochron ages of 3821 ± 40 Ma (Tatsumoto et al., 1972) and 
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3851 ± 40 Ma (Papanastassiou and Wasserburg, 1971) and younger than three 
other reported Rb-Sr isochron ages of 3910 ± 40 Ma (Compston et al., 1972), 
3910 ± 60 Ma (Murthy et al., 1972) and 3921 ± 30 Ma (Mark et al., 1974).  No 
statistically significant exposure age could be calculated for this sample from 
the Ar data reported here. Reported 38Ar exposure ages range from 210 to 347 
Myr [210 Myr (Husain et al., 1972), 250 Myr (Stettler et al., 1973), 300 Myr 
(Turner et al., 1971), 333 and 347 Myr (York et al., 1972)] and are concordant 
with a published 81Kr exposure age 259 Myr (Lugmair and Marti, 1972).  
 
4.2.6.2. Sample 60315 
I report a weighted mini-plateau age (58% of released 39Ar, 8 of 16 steps, 
FIGURE 4-16) of 3844 ± 18 {14} Ma. The total fusion age is younger (3692 ± 9 
Ma) due to the effect of diffusive loss on the first eight Ar release steps (42% of 
released 39Ar). The youngest age step gives a maximum age for the disturbing 
event of 2431 ± 104 Ma. The K/Ca ratios vary from 0.022 ± 0.003 to 0.3 ± 0.7 
over the whole spectrum, with the lower ratios (0.022 ± 0.003 to 0.11 ± 0.03) 
generally associated with the mini-plateau. Within the mini-plateau, lower K/Ca 
ratios are generally associated with a younger recorded age, possibly due to 
39Ar recoil. The normal isochron age (3830 ± 21 Ma) and inverse isochron age 
(3878 ± 104 Ma) of the plateau steps are within error indistinguishable from the 
mini-plateau age and each other.  
Our mini-plateau age is within error identical with two corrected minimum ages 
of 3850 ± 15 Ma (Schaeffer et al., 1976) and 3882 ± 50 Ma (Husain and 
Schaeffer, 1973) and younger than two other corrected minimum ages of 3901 
± 31 Ma (Norman et al., 2006) and 3955 ± 30 Ma (Kirsten et al., 1973b). U-Th-
Pb measurements of this sample give an older age than the one measured 
here. An internal 207Pb/204Pb-206Pb/204Pb isochron from Nunes et al. (1973) 
corresponds to an age of 3990 Ma, consistent with the sample lying on a 
206Pb/238U-207Pb/235U disconcordia line intersecting the concordia at 4470 Ma 
and 3990 Ma. This age was later revised to be 3930 Ma, due to a change in the 
decay constant used for the age calculation and a reanalysis with a different 
spike procedure (Nunes, 1975). No statistically significant exposure age could 
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be calculated for this sample from the Ar data reported here. There is only one 
reported exposure age (38Ar) for this sample (Kirsten et al., 1973b; 4.5 ± 1 Myr).  
TABLE 4-13: LIST OF AGE DATA FOR SAMPLE 60315 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3844 ± 18 
40
Ar/
39
Ar Mini-Plateau Age 
This study 
3692 ± 9 
40
Ar/
39
Ar Total Fusion Age
 
3830 ± 21 Normal Isochron
 
3878 ± 104 Inverse Isochron
 
3868 ± 31
+
 40
Ar/
39
Ar Minimum Age Norman et al. (2006) 
3901 ± 31* 
3907 ± 15
+
 40
Ar/
39
Ar Minimum Age Schaeffer et al. (1976) 
3850 ± 15* 
3940 ± 50
+
 40
Ar/
39
Ar Minimum Age Husain and Schaeffer (1973) 
3882 ± 50* 
4030 ± 30
+
 40
Ar/
39
Ar Minimum Age Kirsten et al. (1973b) 
3955 ± 30* 
3930 
207
Pb/
204
Pb-
206
Pb/
204
Pb isochron Nunes et al. (1975)  
 
4.2.6.3. Sample 60335 
No plateau age could be obtained from separately measuring two grains (#1, 
FIGURE 4-17 and #2, FIGURE 4-18) of sample 60335. Both spectra seem to be 
massively affected by diffusive loss. In grain #1 at least the first four steps (58% 
of released 39Ar) and in grain #2 at least the first 5 steps (52% of released 39Ar) 
are affected. The total fusion ages are 3661 ± 17 Ma (#1) and 3697 ± 9 Ma (#2). 
The low temperature steps tend to give younger ages while the high-
temperature steps tend to give older ages. The oldest age steps for the two 
samples are 3871 ± 74 Ma and 3877 ± 35 Ma respectively, while the youngest 
age steps are 2905 ± 41 Ma and 2882 ± 46 Ma respectively. The K/Ca ratios 
vary from 0.0031 ± 0.0004 to 0.017 ± 0.006 and 0.008 ± 0.001 to 0.053 ± 0.002 
respectively. Younger age steps are generally associated with higher K/Ca 
ratios.  
Barnes et al. (1973) found that the U-Pb isotopic composition of sample 60335 
falls on a 206Pb/238U-207Pb/235U concordia line corresponds to an age of 4075 
Ma. This model age is significantly older than the here reported oldest age 
steps. No statistically significant exposure age could be calculated for this 
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sample from the Ar data reported here and no exposure ages are reported in 
the literature. 
TABLE 4-14: AGE DATA FOR SAMPLE 60335 FROM THIS STUDY. 
Age [Ma] Type Source 
3871 ± 74 
40
Ar/
39
Ar Oldest Age Step #1 
This study 
3877 ± 35 
40
Ar/
39
Ar Oldest Age Step #2
 
4075 
207
Pb/
238
U-
207
Pb/
235
U concordia age Barnes et al. (1973) 
 
4.2.6.4. Sample 60625 
No plateau age could be obtained for sample 60625 (FIGURE 4-19). The 
spectrum seems to be affected by internal redistribution of Ar, with a possible 
additional effect of diffusive loss in the first 3 to 4 age steps (12% to 25% of 
released 39Ar). The obtained total fusion age is 3820 ± 12 Ma. The oldest age 
step is 3994 ± 126, while the youngest age step is 3669 ± 63. The K/Ca ratios 
vary from 0.006 ± 0.002 to 0.1 ± 0.3. Younger age steps are generally 
associated with lower K/Ca ratios.  
No age is reported in the literature for this sample. No statistically significant 
exposure age could be calculated for this sample from the Ar data reported here 
and no exposure ages are reported in the literature. 
TABLE 4-15: AGE DATA FOR SAMPLE 60625 FROM THIS STUDY. 
Age [Ma] Type Source 
3820 ± 12 
40
Ar/
39
Ar Total Fusion Age 
This study 
3994 ± 126 
40
Ar/
39
Ar Oldest Age Step
 
 
4.2.6.5. Sample 61015 
No plateau age could be obtained from separately measuring two grains (#1, 
FIGURE 4-20 and #2, FIGURE 4-21) of sample 61015. Both spectra seem to be 
affected by internal redistribution of Ar. Additionally the spectrum of grain #1 
seems to be affected by diffusive loss in the first 4 to 5 age steps (24% to 31% 
of released 39Ar). The total fusion ages are 3808 ± 16 Ma (#1) and 3713 ± 14 
Ma (#2). The oldest age steps are 3980 ± 62 Ma and 3960 ± 29 Ma 
respectively, while the youngest age steps are 3616 ± 84 Ma and 3201 ± 39 Ma 
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respectively. The K/Ca ratios vary from 0.015 ± 0.002 to 0.03 ± 0.015 and 22 ± 
33 to 247 ± 2289 respectively. For grain #1 younger age steps are generally 
associated with lower K/Ca ratios. The K/Ca ratios of grain #2 are anomalous, 
as this sample was measured when most of the 37Ar was already decayed. 
Therefore no correction for Ca could be made and the calculated K/Ca ratios 
are not meaningful.  
TABLE 4-16: LIST OF AGE DATA FOR SAMPLE 61015 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3808 ± 16 
40
Ar/
39
Ar Total Fusion Age #1 
This study 
3980 ± 62 
40
Ar/
39
Ar Oldest Age Step #1
 
3713 ± 14 
40
Ar/
39
Ar Total Fusion Age #2
 
3960 ± 29 
40
Ar/
39
Ar Oldest Age Step #2
 
3899 ± 36
+
 40
Ar/
39
Ar Minimum Age Norman et al. (2006) 
3932 ± 36* 
 
The here obtained maximum age steps are similar to the corrected minimum 
age obtained by Norman et al. (2006; 3932 ± 36 Ma). Due to the strong 
disturbances in the spectra of the both grains analysed here, the age of Norman 
et al. (2006) is the best estimate for a minimum age at this stage. No statistically 
significant exposure age could be calculated for this sample from the Ar data 
reported here and no exposure ages are reported in the literature. 
 
4.2.6.6. Sample 61016 
For one of two separately measured grains (#1, FIGURE 4-23 and #2, FIGURE 
4-24) a plateau age could be obtained for sample 61016. The weighted plateau 
age of grain #1 (71% of released 39Ar, 6 of 13 steps) is 3644 ± 42 {41} Ma. The 
total fusion age is slightly younger (3597 ± 34 Ma) due to the effect of diffusive 
loss, which affected at least the first two Ar release steps (6% of released 39Ar). 
The youngest age step gives a maximum age for the disturbing event of 2364 ± 
147 Ma. In the medium-temperature step range the steps tend to record older 
ages, with the oldest being 4076 ± 835 Ma. The K/Ca ratios vary from 0.003 ± 
0.0005 to 0.4 ± 7 over the whole spectrum. The high-temperature plateau steps 
all have low K/Ca ratios (0.003 ± 0.0005 to 0.006 ± 0.001), while the low-
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temperature non-plateau steps are associated with the higher K/Ca ratios. The 
normal isochron age (3700 ± 91 Ma) and inverse isochron age (3633 ± 94 Ma) 
of the plateau steps are within error indistinguishable from the plateau age and 
each other. For grain #2 no plateau age could be obtained. Grain #2 also 
seems to have been affected by diffusive loss, at least in the first six Ar release 
steps (14% of released 39Ar). The youngest age step gives a maximum age for 
the disturbing event of 1458 ± 143 Ma. In the medium-temperature step range 
the steps tend to record older ages, with the oldest being 3847 ± 86 Ma. Even 
though they do not form a statistically significant plateau, the six highest 
temperature steps obtained for grain #2 are each within error identical to the 
plateau age obtained for grain #1. The K/Ca ratios vary from 0.0021 ± 0.0007 to 
0.08 ± 0.01. The high-temperature steps tend to have lower K/Ca ratio, while 
the low-temperature steps are associated with higher K/Ca ratios. However, the 
decrease to younger ages in the medium temperature range is accompanied by 
a slight increase in the K/Ca ratio. This could indicate that a second domain, 
which also had been affected by diffusive loss, started degassing in this 
temperature range. The visual assessment (TABLE 4-1) supports the possibility 
of different compositional domains in the analysed grain. 
TABLE 4-17: LIST OF AGE DATA FOR SAMPLE 61016 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3644 ± 42 
40
Ar/
39
Ar Plateau Age #1 
This study 
3597 ± 34 
40
Ar/
39
Ar Total Fusion Age #1
 
3700 ± 91 Normal Isochron #1
 
3633 ± 94 Inverse Isochron #1
 
3847 ± 86 
40
Ar/
39
Ar Oldest Age Step #2 
3650 ± 40
+
 40
Ar/
39
Ar Minimum Age Stettler et al. (1973) 
3622 ± 40* 
3970 ± 250 
238
U,
244
Pu-
136
Xe Fission Age Eugster (1999) 
 
Our plateau age is concordant with a corrected minimum Ar-age from Stettler et 
al. (1973; 3622 ± 40 Ma ) reported for the melt part of sample 61016. However, 
an older age was obtained for the melt part by Eugster (1999; 3970 ± 250 Ma) 
by 238U,244Pu-136Xe fission dating. The anorthosite cap has been Ar-dated even 
older by Huneke et al. (1977; ~4100 Ma). No statistically significant exposure 
age could be calculated for this sample from the Ar data reported here. The 
literature provides a reported 38Ar exposure ages (Stettler et al., 1973; ≤7 Myr) 
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and a concordant cosmic ray exposure age (Eugster, 1999 and references 
therein; 1.84 ± 0.4 Myr). 
 
4.2.6.7. Sample 61156 
I report two concordant Ar-ages from the separate measurements of two grains 
(#1, FIGURE 4-24 and #2, FIGURE 4-25). The weighted plateau age of grain #1 
(70% of released 39Ar, 9 of 15 steps) is 3938 ± 31 {29} Ma. The total fusion age 
is slightly younger (3852 ± 23 Ma) due to the effect of diffusive loss, which 
affected at least the first four Ar release steps (23% of released 39Ar). The 
youngest age step gives a maximum age for the disturbing event of 3102 ± 106 
Ma. The two pre-plateau steps record older ages of 4036 ± 136 Ma and 4170 ± 
178 Ma. The K/Ca ratios vary only slightly from 0.004 ± 0.0005 to 0.006 ± 
0.003. The variation is even smaller within the plateau (0.004 ± 0.0005 to 0.005 
± 0.001). There is no obvious relation between the age of a step and its K/Ca 
ratio. The normal isochron age (3938 ± 99 Ma) and inverse isochron age (4544 
± 1903 Ma) of the plateau steps are within error indistinguishable from the 
plateau age and each other. The weighted plateau age of grain #2 (90% of 
released 39Ar, 15 of 18 steps) is 3979 ± 44 Ma. The total fusion age is slightly 
younger (3903 ± 292 Ma) due to the effect of diffusive loss on the first two Ar 
release steps (11% of released 39Ar). The youngest age step gives a maximum 
age for the disturbing event of 3355 ± 474 Ma. The K/Ca ratios vary only slightly 
from 0.003 ± 0.001 to 0.005 ± 0.001, with the minimum and maximum K/Ca 
value both being associated with age plateau steps. There is no obvious 
relation between the age of a step and its K/Ca ratio. The normal isochron age 
(3972 ± 113 Ma) and inverse isochron age (3989 ± 45 Ma) of the plateau steps 
are within error indistinguishable from the plateau age and each other.  
Our plateau ages are concordant with a corrected minimum age of the sample 
by Norman et al. (2006; 3781 ± 36), and significantly younger than reported 
Pb/Pb and U/Pb model ages of 4210-4240 Ma (Tera et al., 1974). No 
statistically significant exposure age could be calculated for this sample from 
the Ar data reported here and no exposure age is reported in the literature.  
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TABLE 4-18: LIST OF AGE DATA FOR SAMPLE 61156 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3938 ± 29 
40
Ar/
39
Ar Plateau Age #1 
This study 
3852 ± 23 
40
Ar/
39
Ar Total Fusion Age #1
 
3938 ± 99 Normal Isochron #1
 
4544 ± 1903 Inverse Isochron #1
 
3979 ± 44 
40
Ar/
39
Ar Plateau Age #2 
3903 ± 292 
40
Ar/
39
Ar Total Fusion Age #2
 
3972 ± 113 Normal Isochron #2
 
3989 ± 45 Inverse Isochron #2
 
3749 ± 36
+
 40
Ar/
39
Ar Minimum Age Norman et al. (2006) 
3781 ± 36* 
3880 - 4240 Pb/Pb and U/Pb model ages Tera et al. (1974) 
 
4.2.6.8. Sample 62235 
For one of two separately measured grains (#1, FIGURE 4-26 and #2, FIGURE 
4-27) a plateau age could be obtained. The weighted plateau age of grain #1 
(80% of released 39Ar, 10 of 13 steps) is 3865 ± 17 {12} Ma. The total fusion 
age is slightly younger (3815 ± 12 Ma) due to the effect of diffusive loss on the 
first three Ar release steps (20% of released 39Ar). The youngest age step gives 
a maximum age for the disturbing event of 3332 ± 53 Ma. The K/Ca ratios vary 
from 0.012 ± 0.003 to 0.05 ± 0.03, with the variation being a bit smaller within 
the plateau (0.012 ± 0.003 to 0.04 ± 0.02). High-temperature plateau steps tend 
to have lower K/Ca ratios than the low-temperature plateau steps. The normal 
isochron age (3865 ± 22 Ma) and inverse isochron age (3867 ± 18 Ma) of the 
plateau steps are within error indistinguishable from the plateau age and each 
other. For grain #2 no plateau age could be obtained. The total fusion age is 
3686 ± 3 Ma. The low-temperature steps are generally younger than the high-
temperature steps, due to the effect of diffusive loss on at least the first seven 
Ar release steps (33% of released 39Ar). The youngest age step gives a 
maximum age for the disturbing event of 64 ± 483 Ma. In the medium-
temperature step range the steps tend to record older ages than the high-
temperature steps, except for the highest temperature step which records the 
by far oldest age (4393 ± 114 Ma). Apart from this highest temperature step, 
which only includes 0.5% of the released 39Ar, the oldest age step is 3913 ± 10 
Ma. The K/Ca ratios vary from 0.0064 ± 0.0005 to 0.111 ± 0.004. The high-
146 
temperature steps tend to have lower K/Ca ratio, while the low-temperature 
steps are associated with higher K/Ca ratios.  
Our plateau age is within error the same as a corrected minimum Ar-age by 
Norman et al. (2006; 3909 ± 32 Ma), in which the plateau contains 49% of the 
released 39Ar, and therefore is just outside of a mini-plateau age. The Ar release 
spectrum from Norman et al. (2006) broadly resembles the spectrum of grain #2 
in this study.  No statistically significant exposure age could be calculated for 
this sample from the Ar data reported here. Pepin et al. (1974) report an 38Ar 
exposure age (163 ± 54 Myr) and Drozd et al. (1974) a concordant 81Kr age 
(153.3 ± 2.9 Myr). 
TABLE 4-19: LIST OF AGE DATA FOR SAMPLE 62235 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3865 ± 17 
40
Ar/
39
Ar Plateau Age 
This study 
3815 ± 12 
40
Ar/
39
Ar Total Fusion Age #1
 
3865 ± 22 Normal Isochron #1
 
3867 ± 18 Inverse Isochron #1
 
3686 ± 3 
40
Ar/
39
Ar Total Fusion Age #2
 
4393 ± 114 
40
Ar/
39
Ar Oldest Age Step #2 
3876 ± 32
+
 40
Ar/
39
Ar Minimum Age Norman et al. (2006) 
3909 ± 32* 
 
4.2.6.9. Sample 62255 
No plateau age could be obtained for 62255 (FIGURE 4-28). The spectrum 
seems to be strongly affected by internal redistribution of Ar. The total fusion 
age is 3883 ± 12 Ma. The oldest age step is 4329 ± 176 Ma, while the youngest 
age step is 3518 ± 43 Ma. The K/Ca ratios vary from 0.011 ± 0.001 to 0.04 ± 
0.02. Younger age steps are generally associated with lower K/Ca ratios. 
No age is reported in the literature for this sample. No statistically significant 
exposure age could be calculated for this sample from the Ar data reported 
here. The literature provides a reported 38Ar exposure age of 3 ± 1 Myr 
(Jessberger et al., 1977a) and a slightly younger 81Kr age of 1.9 Myr (Arvidson 
et al., 1975 - from personal communication with Marti (1974)). 
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TABLE 4-20: AGE DATA FOR SAMPLE 62255 FROM THIS STUDY. 
Age [Ma] Type Source 
3883 ± 12 
40
Ar/
39
Ar Total Fusion Age 
This study 
4329 ± 176 
40
Ar/
39
Ar Oldest Age Step 
 
4.2.6.10. Sample 62295  
I report two concordant Ar-ages from the separate measurements of two grains 
(#1, FIGURE 4-29 and #2, FIGURE 4-30) for sample 62295. The weighted 
plateau age of grain #1 (100% of released 39Ar, 13 of 13 steps) is 3853 ± 36 
{35} Ma. The total fusion age (3849 ± 31 Ma) is within error identical to the 
plateau age. The K/Ca ratios vary from 0.0048 ± 0.0008 to 0.1 ± 2. The normal 
isochron age (3791 ± 111 Ma) and inverse isochron age (3693 ± 207 Ma) of the 
plateau steps are within error indistinguishable from the plateau age and each 
other. The weighted plateau age of grain #2 (99% of released 39Ar, 17 of 19 
steps) is 3886 ± 25 Ma. The total fusion age (3901 ± 26 Ma) is within error 
identical to the plateau age. The K/Ca ratios vary from 0.0047 ± 0.0004 to 0.04 
± 0.01. The normal isochron age (3867 ± 45 Ma) and inverse isochron age 
(3970 ± 68 Ma) of the plateau steps are within error indistinguishable from the 
plateau age and each other. The Ar release spectrum of grain #1 contains an 
unusual young step in the mid-temperature range and tends to give younger 
ages in the low- and high-temperature range. As four domains were observed in 
the studied grain prior to analysis (TABLE 4-1), the young age step in the mid-
temperature range might indicate the start of the degassing of one of those 
domains, which had been affected by diffusive loss. Unlike in grain #2 of sample 
61016 where a similar effect is observed, in this spectrum the effect is not 
accompanied with a (detectable) increase in the K/Ca ratio. Overall, the 
spectrum shows barely any variability in the K/Ca ratio. This might indicate that 
the inter- as well as intradomain distribution of K/Ca is very homogenous 
throughout the analysed grain. As the steps still form a plateau, the real age is 
likely within the reported age range, but likely on the older site of this range. 
This is consistent with the slightly older age reported in grain #2, which is, 
however, within error concordant with the age of grain #1. Therefore the age of 
grain #2 will be interpreted as the recorded age in 62295 (and not the error 
weighted average of both ages).  
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Our plateau age of grain #2 is concordant with a corrected minimum Ar-age of 
Turner et al. (1973; 3857 ± 50 Ma) and a corrected mini-plateau age of Norman 
et al. (2006; 3919 ± 12 Ma) but is younger than a corrected Rb-Sr isochron of 
Mark et al. (1974; 4000 ± 60 Ma). No statistically significant exposure age could 
be calculated for this sample from the Ar data reported here. The literature 
provides an 38Ar exposure age of 310 Myr (Turner et al., 1973) and a younger 
81Kr age 235 Myr (Arvidson et al., 1975 - from personal communication with 
Marti, 1974).  
TABLE 4-21: LIST OF AGE DATA FOR SAMPLE 62295 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3853 ± 36 
40
Ar/
39
Ar Plateau Age #1 
This study 
3849 ± 31 
40
Ar/
39
Ar Total Fusion Age #1
 
3791 ± 111 Normal Isochron #1
 
3693 ± 207 Inverse Isochron #1
 
3886 ± 25 
40
Ar/
39
Ar Plateau Age #2 
3901± 26 
40
Ar/
39
Ar Total Fusion Age #2
 
3867 ± 45 Normal Isochron #2
 
3970 ± 68 Inverse Isochron #2
 
3910 ± 50
+
 40
Ar/
39
Ar Minimum Age Turner et al. (1973) 
3857 ± 50* 
3886 ± 12
+
 40
Ar/
39
Ar Mini-Plateau Age Norman et al. (2006) 
3919 ± 12* 
4000 ± 60
+
 
Rb-Sr isochron Mark et al. (1974) 
3981 ± 60* 
 
4.2.6.11. Sample 63355 
No plateau age could be obtained for sample 63355 (FIGURE 4-31). The 
spectrum is so strongly affected by diffusive loss that every Ar release step is 
probably affected. The obtained total fusion age is 2700 ± 12 Ma. The lowest 
temperature step gives the oldest possible age (470 ± 14 Ma) for the disturbing 
event. In the mid-temperature range the apparent ages rise to a maximum of 
3432 ± 50 and then drop again slightly before the oldest age is recorded in the 
highest-temperature step (3522 ± 49 Ma). The K/Ca ratios vary from 0.0082 ± 
0.0013 to 0.2 ± 0.2. Younger age steps are associated with higher K/Ca ratios. 
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No age is reported in the literature. No statistically significant exposure age 
could be calculated for this sample from the Ar data reported here and no 
exposure ages are reported in the literature. 
TABLE 4-22: AGE DATA FOR SAMPLE 63355FROM THIS STUDY. 
Age [Ma] Type Source 
2700 ± 12 
40
Ar/
39
Ar Total Fusion Age 
This study 
3522 ± 49 
40
Ar/
39
Ar Oldest Age Step 
 
4.2.6.12. Sample 63549 
I report a weighted plateau age (90% of released 39Ar, 14 of 16 steps, FIGURE 
4-32) of 3811 ± 23 {20} Ma for sample 63549. The total fusion age is slightly 
younger (3795 ± 20 Ma) due to the effect of diffusive loss on the first two Ar 
release steps (10% of released 39Ar). The youngest age step gives a maximum 
age for the disturbing event of 3471 ± 128 Ma. The K/Ca ratios vary only slightly 
from 0.0039 ± 0.0005 to 0.007 ± 0.002 over the whole spectrum, with the 
minimum and maximum K/Ca value both being associated with age plateau 
steps. There is no apparent relation between the recorded age of a step and the 
associated K/Ca ratio. The normal isochron age (3815 ± 27 Ma) and inverse 
isochron age (3810 ± 22 Ma) of the plateau steps are within error 
indistinguishable from the plateau age and each other.  
Our plateau age is younger than a recalculated mini-plateau age of Norman et 
al. (2006; 3899 ± 21 Ma). The spectrum of Norman et al. (2006) is affected by 
diffusive loss in the first 7 Ar release steps (8% of released 39Ar). It also 
contains 12 post mini-plateau steps (25% of released 39Ar) which are 
significantly younger than the mini-plateau. A change in the K/Ca ratio in these 
steps indicates the start of the degassing from a different domain than in the 
mini-plateau (while the mini-plateau domain might still degas as well). Plotting 
only these post mini-plateau steps with Isoplot 4 (Ludwig, 2012) shows that all 
12 steps define a statistically valid plateau by themselves (3776 ± 22 Ma; 
MSWD=1.6, p=0.10). This minimum age is concordant with the plateau age 
reported here. Possibly the mini-plateau age of Norman et al. (2006) reflects a 
minimum age of an older event preserved in a clast not completely degassed 
during the heating event represented by the post mini-plateau steps and the 
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here presented plateau age. No statistically significant exposure age could be 
calculated for this sample from the Ar data reported here and none is reported 
in the literature.  
TABLE 4-23: LIST OF AGE DATA FOR SAMPLE 63549 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; ^ = RECALCULATED LITERATURE VALUE. 
Age [Ma] Type Source 
3811 ± 23 
40
Ar/
39
Ar Plateau Age 
This study 
3795 ± 20 
40
Ar/
39
Ar Total Fusion Age
 
3815 ± 27 Normal Isochron
 
3810 ± 22 Inverse Isochron
 
3840 ± 11
+
 40
Ar/
39
Ar Mini-Plateau Age Norman et al. (2006) 
3899 ± 21^ 
 
4.2.6.13. Samples 64475 and 64476 
For sample 64475 I report a weighted plateau age (100% of released 39Ar, 20 of 
20 steps, FIGURE 4-33) of 3888 ± 22 {19} Ma. The youngest (3734 ± 1011 Ma) 
and oldest (4272 ± 1160 Ma) age steps are both one of the first four age steps. 
Those four steps combined contain less than 1.5% of the released 39Ar. The 
K/Ca ratios vary only slightly from 0.011 ± 0.001 to 0.02 ± 0.07 over the whole 
spectra. There is no apparent relation between the recorded age of a step and 
the associated K/Ca ratio. The total fusion age (3896 ± 23 Ma), the normal 
isochron age (3872 ± 29 Ma) and inverse isochron age (3854 ± 28 Ma) are 
within error indistinguishable from the plateau age and each other.  
No plateau age could be obtained for 64476 (FIGURE 4-34). The spectrum 
seems to be affected by internal Ar redistribution. The total fusion age is 3910 ± 
26 Ma. The oldest age step is 4001 ± 65 Ma, while the youngest age step is 
3790 ± 93 Ma. Apart from the two oldest age steps all age steps are within error 
indistinguishable from the obtained plateau age of sample 64475. The K/Ca 
ratios vary from 0.01 ± 0.01 to 0.02 ± 0.01. There is no apparent relation 
between the recorded age of a step and the associated K/Ca ratio. 
No ages are reported in the literature for sample 64475 and 64476. No 
statistical significant exposure ages could be calculated for these samples. 
Bogard et al. (1975) report a 38Ar exposure age (1.6 Myr) and a slightly younger 
range of 21Ne exposure ages (1.0-1.3 Myr) for sample 64475. 
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TABLE 4-24: AGE DATA FOR SAMPLE 64475 FROM THIS STUDY. 
Age [Ma] Type Source 
3888 ± 22 
40
Ar/
39
Ar Plateau Age 
This study 
3896 ± 23 
40
Ar/
39
Ar Total Fusion Age
 
3872 ± 29 Normal Isochron
 
3854 ± 28 Inverse Isochron
 
 
TABLE 4-25: AGE DATA FOR SAMPLE 64476 FROM THIS STUDY. 
Age [Ma] Type Source 
3910 ± 26 
40
Ar/
39
Ar Total Fusion Age 
This study 
4001 ± 65 
40
Ar/
39
Ar Oldest Age Step 
 
4.2.6.14. Sample 64536 and 64537 
No plateau age could be obtained for 64536 (FIGURE 4-35). The spectrum 
seems to be affected by internal Ar redistribution. The total fusion age is 3913 ± 
13 Ma. The oldest age step is 4062 ± 123 Ma, while the youngest age step is 
3853 ± 52 Ma. Three of the last four age steps are within error indistinguishable 
from the obtained plateau age of sample 64537. The K/Ca ratios vary only 
slightly from 0.015 ± 0.003 to 0.02 ± 0.03. There is no apparent relation 
between the recorded age of a step and the associated K/Ca ratio. 
For sample 64537 I report a weighted plateau age (99% of released 39Ar, 11 of 
12 steps, FIGURE 4-36) of 3802 ± 18 {15} Ma. The highest temperature step 
provides the youngest apparent age (3425 ± 318 Ma, <1% of released 39Ar) and 
is the only non-plateau step, possibly due to 39Ar recoil. The oldest age step is 
3934 ± 149 Ma. The K/Ca ratios vary from 0.013 ± 0.001 to 0.03 ± 0.03 over the 
whole spectra. There is no apparent relation between the recorded age of a 
step and the associated K/Ca ratio. The total fusion age (3799 ± 15 Ma), the 
normal isochron age (3801 ± 20 Ma) and inverse isochron age (3803 ± 20 Ma) 
are within error indistinguishable from the plateau age and each other.  
No ages are reported in the literature for 64537. Jessberger et al. (1977a) dated 
the matrix of 64536 with “two apparent age regimes” of 4075 ± 20 Ma and 3776 
± 20 Ma (i.e. a minimum and a maximum age), with the older age recorded in 
the lower temperature steps. Furthermore they dated an anorthosite clast in 
64536 to be 3911 ± 10 Ma. They also found a minimum-age for an anorthosite 
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clast in the related sample 64535 to be 3921 ± 20 Ma. No statistical significant 
exposure ages could be calculated for these samples. Jessberger et al. (1977a) 
reported 38Ar exposure ages for 64536 (1.7 ± 0.2 and 2.4 ± 0.3  Myr) and 
related sample 64535 (1.9 ± 0.2  Myr). 
TABLE 4-26: LIST OF AGE DATA FOR SAMPLE 63549 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3913 ± 13 
40
Ar/
39
Ar Total Fusion Age 
This study 
4062 ± 123 
40
Ar/
39
Ar Oldest Age Step 
3830 ± 20
+
 
40
Ar/
39
Ar Minimum and Maximum Age Jessberger et al. (1977a) 
3776 ± 20* 
4140 ± 20
+
 
4075 ± 20* 
 
TABLE 4-27: AGE DATA FOR SAMPLE 64537 FROM THIS STUDY. 
Age [Ma] Type Source 
3802 ± 18 
40
Ar/
39
Ar Plateau Age 
This study 
3799 ± 15 
40
Ar/
39
Ar Total Fusion Age
 
3801 ± 20 Normal Isochron
 
3803 ± 20 Inverse Isochron
 
 
4.2.6.15. Sample 64815 
I report a weighted plateau age (100% of released 39Ar, 11 of 11 steps, FIGURE 
4-37) of 3895 ± 17 {12} Ma for sample 64815. The youngest age step is 3876 ± 
37 Ma and the oldest is 3929 ± 65 Ma. The K/Ca ratios vary from 0.024 ± 0.006 
to 0.1 ± 0.05. There is no apparent relation between the recorded age of a step 
and the associated K/Ca ratio. The total fusion age (3895 ± 13 Ma), normal 
isochron age (3882 ± 15 Ma) and inverse isochron age (3895 ± 13 Ma) are 
within error indistinguishable from the plateau age and each other.  
Our plateau age is concordant with a  recalculated mini-plateau age of Norman 
et al. (2006; 3936 ± 25 Ma). This mini-plateau is associated with older pre-
plateau steps and younger post-plateau steps. No statistically significant 
exposure age could be calculated for this sample from the Ar data reported here 
and none is reported in the literature. 
153 
TABLE 4-28: LIST OF AGE DATA FOR SAMPLE 64815 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; ^ = RECALCULATED LITERATURE VALUE. 
Age [Ma] Type Source 
3895 ± 17 
40
Ar/
39
Ar Plateau Age 
This study 
3895 ± 13 
40
Ar/
39
Ar Total Fusion Age
 
3882 ± 15 Normal Isochron
 
3895 ± 13 Inverse Isochron
 
3886 ± 9
+
 40
Ar/
39
Ar Mini-Plateau Age Norman et al. (2006) 
3936 ± 25^ 
 
4.2.6.16. Sample 65015 
Sample 65015 has been extensively dated with various methods in the past, 
with most results being older than 3.900 Ga. Based on the assumption that 
sample 65015 is a metamorphic and not a melt rock, Papanastassiou and 
Wasserburg (1972b) determined that the rock underwent metamorphism close 
to 3911 ± 20 Ma via Rb-Sr measurements. Using the U-Th-Pb system Nunes et 
al. (1973) determined a whole rock U-Pb disconcordia age of 3990 Ma. As in 
the case of sample 60315 this age has to be corrected for the used decay 
constants (Nunes, 1975). In the case of sample 60315 this change is about -
1.6%. If the same correction factor is applied to the disconcordia age of Nunes 
et al. (1973) it changes the age to 3926 Ma. This value is within error 
indistinguishable from an age determined by Bouvier et al. (2011) via a 
206Pb/238U-207Pb/235U concordia upper intercept (3929 ± 11 Ma). Bouvier et al. 
(2011) also dated the sample more precisely with an concordant 207Pb/204Pb-
206Pb/204Pb isochron (3935 ± 2 Ma). This age is consistent with two corrected Ar 
minimum ages of 3849 ± 40 Ma (Kirsten et al., 1973b) and 3925 Ma 
(Jessberger et al., 1974) as well as a recalculated plateau age of 3.909 ± 36 Ma 
(Norman et al., 2006). Reported 38Ar exposure ages are 365 ± 20 Myr (Kirsten 
et al., 1973b) and 490 Myr (Jessberger et al., 1974), while the “suntan age” (1.2 
Myr) determined by Bhandari et al. (1973) is considerably younger.  
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TABLE 4-29: LIST OF AGE DATA FOR SAMPLE 65015 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE; ^ = RECALCULATED 
LITERATURE VALUE. 
Age [Ma] Type Source 
3920 ± 40
+
 40
Ar/
39
Ar Minimum Age Kirsten et al. (1973b) 
3925 ± 40* 
3980
+
 40
Ar/
39
Ar Minimum Age Jessberger et al. (1974) 
3925* 
3854 ± 14
+
 40
Ar/
39
Ar Plateau Age Norman et al. (2006) 
3909 ± 36^ 
3930 ± 30
+
 
Rb-Sr
 
Isochron 
Papanastassiou and Wasserburg 
(1972b) 3911 ± 30* 
3990
+
 206Pb/
238
U-
207
Pb/
235
U Whole Rock 
Disconcordia Age 
Nunes et al. (1973) 
3926* 
3935 ± 2 
207
Pb/
204
Pb-
206
Pb/
204
Pb isochron Bouvier et al. (2011) 
 
4.2.6.17. Sample 65055 
I report a weighted plateau age (100% of released 39Ar, 12 of 12 steps, FIGURE 
4-38) of 3823 ± 33 {31} Ma for sample 65055. The youngest age step is 3676 ± 
345 Ma and the oldest is 3921 ± 495 Ma. The K/Ca ratios vary from 0.0023 ± 
0.0006 to 0.006 ± 0.001. There is no apparent relation between the recorded 
age of a step and the associated K/Ca ratio. The total fusion age (3825 ± 34 
Ma), normal isochron age (3815 ± 49 Ma) and inverse isochron age (3825 ± 32 
Ma) are within error indistinguishable from the plateau age and each other.  
Our plateau age is younger than two corrected plateau-ages of 3892  ± 20 Ma 
and 3901 ± 20 Ma (Jessberger et al., 1977a). However, the older age “includes 
release fractions between 80 and 90% 39Ar release at 4.02 AE” (Jessberger et 
al., 1977a), suggesting the recording of an older signature in this age. However, 
as no 39Ar release patterns for both ages are provided, this possibility cannot be 
verified. No statistically significant exposure age could be calculated for this 
sample from the Ar data reported here but Jessberger et al. (1977a) determined 
a 38Ar exposure age of 2.3 ± 0.5 Myr. 
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TABLE 4-30: LIST OF AGE DATA FOR SAMPLE 65055 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3823 ± 33 
40
Ar/
39
Ar Plateau Age 
This study 
3825 ± 34 
40
Ar/
39
Ar Total Fusion Age
 
3815 ± 49 Normal Isochron
 
3825 ± 32 Inverse Isochron
 
3950
+
 
40
Ar/
39
Ar Minimum Age Jessberger et al. (1977a) 
3892* 
3960
+
 
3901* 
 
4.2.6.18. Sample 65075 
No plateau age could be obtained for 65075 (FIGURE 4-39). The very young 
total fusion age [1199 ± 5 Ma] seems to be the result of a strong diffusive loss, 
likely affecting all Ar release steps. The disturbing event has a maximum age of 
161 ± 1 Ma, given by the youngest age step. The oldest age step is 2291 ± 13 
Ma. The K/Ca ratios vary from 0.026 ± 0.003 to 0.3 ± 0.2. Younger age steps 
tend to be associated with higher K/Ca ratios. The analysed grain was split into 
two subgrains before the analysis (most likely during transport to or from the 
irradiation). Both sub-grains were lying next to each other, so that they could 
both be heated by the laser simultaneously.  However, the smaller of the grains 
seemed to respond stronger to the heating, and therefore likely contributed 
disproportionally to the outgassing during the earlier release-steps and vice 
versa during the later steps. 
No age is reported in the literature for this sample. No statistical significant 
exposure ages could be calculated for this sample and none is reported in the 
literature. 
TABLE 4-31: AGE DATA FOR SAMPLE 65075 FROM THIS STUDY. 
Age [Ma] Type Source 
1199 ± 5 
40
Ar/
39
Ar Total Fusion Age 
This study 
2291 ± 13 
40
Ar/
39
Ar Oldest Age Step 
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4.2.6.19. Sample 66095 
The most recent dating of sample 66095 is by Snape et al. (2017) via an Pb-Pb 
isochron (3909 ± 17 Ma). It has also been dated via an 206Pb/207Pb-238U/207Pb 
internal isochron to be 3820 ± 280 Ma (Nunes and Tatsumoto, 1973). As Nunes 
and Tatsumoto (1973) use the same decay constants as Nunes et al. (1973), 
this age has to be corrected the same way as described for sample 65015, 
which results in an age of 3759 ± 280 Ma. Both isochron ages are consistent 
with corrected Ar minimum ages of 3741 ± 50 Ma (Turner et al., 1973) and 3708 
± 16 Ma (Norman et al., 2006). A reported 38Ar exposure age of 40-80 Myr 
(Turner et al., 1973) is considerably older than exposure ages determined via 
measurements of 21Ne (Heymann and Huebner, 1974; 1.1 ± 0.5 Myr), 26Al 
(Fruchter et al., 1978; 0.9 ± 0.2 Myr) and 53Mn (Fruchter et al., 1978; 1.4 ± 0.3 
Myr). 
TABLE 4-32: LIST OF AGE DATA FOR SAMPLE 66095 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3790 ± 50
+
 40
Ar/
39
Ar Minimum Age Turner et al. (1973) 
3741 ± 50* 
3676 ± 16
+
 40
Ar/
39
Ar Minimum Age Norman et al. (2006) 
3708 ± 16* 
3820 ± 280
+
 206
Pb/
207
Pb-
238
U/
207
Pb internal isochron Nunes and Tatsumoto (1973) 
3759 ± 280* 
3909 ± 17 Pb-Pb isochron Snape et al. (2017) 
 
4.2.6.20. Sample 67095 
No plateau age could be obtained from two grains that were measured 
separately (#1, FIGURE 4-40 and #2, FIGURE 4-41). Grain #1 has a young total 
fusion age (3307 ± 13 Ma) which seems to be mainly the result of diffusive loss, 
affecting at least the first 9 Ar release steps (64% of released 39Ar). The last age 
step also seems to be affected by 39Ar recoil. The disturbing event has a 
maximum age of 1561 ± 36 Ma, given by the youngest age step. The oldest age 
step is 3829 ± 54 Ma. The K/Ca ratios vary from 0.0029 ± 0.0004 to 0.05 ± 0.20. 
Younger age steps tend to be associated with higher K/Ca ratios. The second 
grain (grain #2) contained only small amounts of Ar. Therefore, only a 2-step 
release spectrum with a total fusion age of 3455 ± 142 Ma could be obtained.  
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No age is reported in the literature for this sample. No statistically significant 
exposure ages could be calculated for this sample. Exposure ages obtained via 
measurements of 26Al (Fruchter et al., 1978; >2.5 Myr) and 53Mn (Fruchter et al., 
1978; >12 Myr) as well as 81Kr (Drozd et al., 1974; 50.2 ± 1.8 Myr) are all 
consistent with each other. 
TABLE 4-33: AGE DATA FOR SAMPLE 67095 FROM THIS STUDY. 
Age [Ma] Type Source 
3307± 13 
40
Ar/
39
Ar Total Fusion Age #1  
This study 3829 ± 54 
40
Ar/
39
Ar Oldest Age Step #1 
3455 ± 142 
40
Ar/
39
Ar Total Fusion Age #2
 
 
4.2.6.21. Sample 67235 
I report one mini-plateau and a plateau age from the separate measurements of 
two grains (#1, FIGURE 4-42 and #2, FIGURE 4-43). The mini-plateau age of 
grain #1 (68% of released 39Ar, 12 of 14 steps) is 3889 ± 17 {13} Ma. The total 
fusion age (3884 ± 11 Ma) is within error identical to the mini-plateau age, 
despite the effect of diffusive loss on at least the first two Ar release steps (4% 
of released 39Ar). The youngest age step gives a maximum age for the 
disturbing event of 3697 ± 68. The K/Ca ratios vary from 0.015 ± 0.003 to 0.032 
± 0.006, with the minimum and maximum K/Ca value both being associated 
with age plateau steps. The normal isochron age (3893 ± 18 Ma) and inverse 
isochron age (3898 ± 18 Ma) of the plateau steps are within error 
indistinguishable from the plateau age and each other. The weighted plateau 
age of grain #2 (87% of released 39Ar, 12 of 14 steps) is 3890 ± 19 {15} Ma, 
identical to the mini-plateau age obtained from grain #1. The total fusion age 
(3881 ± 13 Ma) is within error identical to the plateau age, despite the effect of 
diffusive loss on the first two Ar release steps (13% of released 39Ar). The 
youngest age step gives a maximum age for the disturbing event of 3732 ± 102. 
The K/Ca ratios vary from 0.02 ± 0.03 to 0.3 ± 3, with the minimum and 
maximum K/Ca value both being associated with age plateau steps. The normal 
isochron age (3895 ± 18 Ma) and inverse isochron age (3887 ± 18 Ma) of the 
plateau steps are within error indistinguishable from the plateau age and each 
other.  
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This sample has not been dated before. No statistically significant exposure age 
could be calculated for this sample from the Ar data reported here and none is 
reported in the literature.  
TABLE 4-34: AGE DATA FOR SAMPLE 67235 FROM THIS STUDY. 
Age [Ma] Type Source 
3889 ± 17 
40
Ar/
39
Ar Mini-Plateau Age #1 
This study 
3884± 11 
40
Ar/
39
Ar Total Fusion Age #1
 
3893 ± 18 Normal Isochron #1
 
3898± 18 Inverse Isochron #1
 
3890 ± 19 
40
Ar/
39
Ar Plateau Age #2 
3881 ± 13 
40
Ar/
39
Ar Total Fusion Age #2
 
3895 ± 18 Normal Isochron #2
 
3887 ± 18 Inverse Isochron #2
 
 
4.2.6.22. Sample 67935 
I report a weighted mini-plateau age (56% of released 39Ar, 9 of 17 steps, 
FIGURE 4-44) of 3840 ± 20 {16} Ma. The total fusion age is younger (3720 ± 14 
Ma) due to the effect of diffusive loss on at least the first six Ar release steps 
(37% of released 39Ar). The youngest age step gives a maximum age for the 
disturbing event of 2292 ± 86 Ma. The K/Ca ratios vary from 0.011 ± 0.002 to 
0.04 ± 0.03 over the whole spectrum, with the lower ratios generally associated 
with the mini-plateau (0.011 ± 0.002 to 0.02 ± 0.01). The normal isochron age 
(3838 ± 39 Ma) and inverse isochron age (3855 ± 91 Ma) of the plateau steps 
are within error indistinguishable from the mini-plateau age and each other.  
TABLE 4-35: LIST OF AGE DATA FOR SAMPLE 67935 FROM THIS STUDY AND THE LITERATURE. 
Age [Ma] Type Source 
3840 ± 20 
40
Ar/
39
Ar Mini-Plateau Age 
This study 
3720 ± 14 
40
Ar/
39
Ar Total Fusion Age
 
3838 ± 39 Normal Isochron
 
3855 ± 91 Inverse Isochron
 
4210 ± 130 Re-Os isochron Fischer-Gödde and Becker (2012) 
 
Fischer-Gödde and Becker (2012) obtained a slightly older age of 4210 ± 130 
Ma based on a Re-Os isochron. No statistically significant exposure age could 
be calculated for this sample from the Ar data reported here. Exposure ages 
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were obtained via measurements of 26Al (Fruchter et al., 1978; 0.5 ± 0.2 Myr) 
and 53Mn (Fruchter et al., 1978; 3.8 ± 0.9 Myr). 
 
4.2.6.23. Samples 68415 and 68416 
No plateau age could be obtained for 68415 (FIGURE 4-45). The spectrum 
seems to be affected by diffusive loss, at least in the first 11 Ar release steps 
(55% of released 39Ar). The youngest age step gives a maximum age for the 
disturbing event of 2680 ± 149 Ma. Additionally the spectrum might be affected 
by 39Ar recoil in the last 5 age steps (24% of released 39Ar). The total fusion age 
is 3606 ± 17 Ma. In the medium-temperature step range the steps tend to 
record older ages, with the oldest being 3842 ± 117 Ma. Nine of the last ten age 
steps are within error indistinguishable from the obtained mini-plateau age of 
sample 64816. The K/Ca ratios vary from 0.0029 ± 0.0003 to 0.010 ± 0.007. 
Younger age steps tend to be associated with lower K/Ca ratios. 
For sample 68416 I report a mini-plateau age (64% of released 39Ar, 12 of 15 
steps, FIGURE 4-46) of 3834 ± 43 {42} Ma. The total fusion age is younger 
(3749 ± 32 Ma) due to the effect of diffusive loss on the first three Ar release 
steps (36% of released 39Ar). The youngest age step gives a maximum age for 
the disturbing event of 2431 ± 104 Ma. The K/Ca ratios vary from 0.0016 ± 
0.0004 to 0.008 ± 0.003, with the minimum and maximum K/Ca value both 
being associated with age plateau steps. There is no apparent relation between 
the recorded age of a step and the associated K/Ca ratio. The normal isochron 
age (3905 ± 89 Ma) and inverse isochron age (3815 ± 53 Ma) are within error 
indistinguishable from the plateau age and each other.  
Using the U-Th-Pb systems, Andersen and Hinthorne (1973) dated two different 
mineral phases of 68415 (phosphate: 3960 ± 180 Ma; Zr-phase: 3960 ± 280 
Ma) and Tera et al. (1973) produced a 207Pb/206Pb-238U/206Pb isochron using 
data from 68415 and 65015 (3950 ± 50 Ma). A corrected Rb-Sr internal 
isochron age of 68415 of 3821 ± 10 Ma (Papanastassiou and Wasserburg, 
1972b) is considerably younger, as is a corrected Rb-Sr internal isochron age of 
68416 of 3762 ± 30 Ma (Compston et al., 1977). Ar minimum ages have been 
reported for 68415 by Huneke et al. (1973; whole rock 3799 ± 40 Ma; 
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plagioclase separates: 4031 Ma), Kirsten et al. (1973b; 3782 ± 60 Ma) and 
Stettler et al. (1973; 3.767 ± 40 Ma) as well as for 68416 by Kirsten et al. 
(1973b; 3927 ± 50 Ma). 
TABLE 4-36: LIST OF AGE DATA FOR SAMPLE 68415 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3606 ± 17 
40
Ar/
39
Ar Total Fusion Age 
This study 
3842 ± 117 
40
Ar/
39
Ar Oldest Age Step 
3850 ± 40
+
 40
Ar/
39
Ar Minimum Age (Whole Rock) 
Huneke et al. (1973) 
3799 ± 40* 
4090
+
 40Ar/
39
Ar Minimum Age (Plagioclase 
Separates) 4031* 
3850 ± 60
+
 40
Ar/
39
Ar Minimum Age Kirsten et al. (1973b) 
3782 ± 60* 
3800 ± 40
+
 40
Ar/
39
Ar Minimum Age Stettler et al. (1973) 
3767 ± 40* 
3960 ± 180 U-Th-Pb Age (Phosphate-phase) 
Andersen and Hinthorne (1973) 
3960 ± 280 U-Th-Pb Age (Zr-phase) 
3950 ± 50 
207
Pb/
206
Pb-
238
U/
206
Pb isochron (data 
from 68415 and 65015 combined) 
Tera et al. (1973) 
3840 ± 10
+
 
Rb-Sr
 
Internal Isochron 
Papanastassiou and Wasserburg 
(1972b) 3821 ± 10* 
 
TABLE 4-37: LIST OF AGE DATA FOR SAMPLE 68416 FROM THIS STUDY AND THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3834 ± 43 
40
Ar/
39
Ar Mini-Plateau Age 
This study 
3749 ± 32 
40
Ar/
39
Ar Total Fusion Age
 
3905 ± 89 Normal Isochron
 
3815 ± 53 Inverse Isochron
 
4000 ± 50
+
 40
Ar/
39
Ar Minimum Age Kirsten et al. (1973b) 
3927 ± 50* 
3780 ± 30
+
 
Rb-Sr
 
Internal Isochron Compston et al. (1977) 
3762 ± 30* 
 
No statistically significant exposure ages could be calculated for these samples. 
Several 38Ar exposure ages has been reported for sample 68415: 95 ± 15 Myr 
and 105 ± 15 Myr (Huneke et al., 1973), 87 ± 5 Myr (Kirsten et al., 1973b), 90 
Myr (Stettler et al., 1973) and 113 ± 42 Myr (Drozd et al., 1974). One 38Ar 
exposure age has been reported for sample 68416: 89 ± 4 Myr (Kirsten et al., 
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1973b). Furthermore a 81Kr age (92.5 ± 5.9 Myr) and a 21Ne (32.5 ± 7.8 Myr) 
age have been reported for 68415 by Drozd et al. (1974). 
 
4.2.6.24. Samples 72215, 72235, 72255 and 72275 
Clasts and the matrix of 72215 (3605 ± 64 Ma to 4016 ± 43 Ma) and 72255 
(3741 ± 41 Ma to 4277 ± 32 Ma) were dated by Schaeffer et al. (1982) via 
analysis of the K-Ar system using a laser microprobe. Dalrymple and Ryder 
(1996) determined Ar minimum ages for aphanitic melt rock parts (3900 ± 16 
Ma to 3984 ± 17 Ma), a poikilitic melt rock part (3867 ± 16 Ma) and granulite 
clasts (3883 ± 16 Ma and 3894 ± 16 Ma) in 72255. Leich et al. (1975) reported 
Ar minimum ages for 72255 (3949 ± 30 Ma) and 72275 (3930 ± 30 Ma). 
TABLE 4-38: LIST OF AGE DATA FOR SAMPLE 72215 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3653 ± 64
+
 
Range of Laser Microprobe 
40
Ar/
39
Ar 
Ages 
Schaeffer et al. (1982) 
3741 ± 64* 
4079 ± 43
+
 
4277 ± 43* 
4030 ± 30
+
 
Rb-Sr
 
Model Age Compston et al. (1975) 4010 ± 30* 
3921 ± 30* 
 
Compston et al. (1975) determined a Rb-Sr model age (4010 ± 30 Ma) for 
alkali-rich microgranite clasts in 72215. They also determined an internal 
mineral isochron age (3990 ± 40 Ma) for a pigeonite basalt clast in 72275, 
constituting a maximum age for the breccia assembly. Shih et al. (1992) 
determined mineral isochron ages using the 147Sm-143Nd (4080 ± 70 Ma) and 
Rb-Sr (4110 ± 80 Ma) isotopic systems for another KREEP (pigeonite) basalt 
clast in 72275. Fission track ages of whitlockite in 72255 are 3900 Ma and 3930 
Ma (Hutcheon et al., 1974). U/Pb ages of zircons of 72255 and 72275 are 
mostly older than 4200 Ma with a major grouping around 4350 Ma (Nemchin et 
al., 2008). No ages are reported for 72235.  
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The mean 81Kr exposure age of 72215+72255 (41.8 ± 1.3 Myr) is slightly 
younger than the one of 72275 (52.5 ± 1.4 Myr), probably due to different 
degrees of shielding (Leich et al., 1975).  
TABLE 4-39: LIST OF AGE DATA FOR SAMPLE 72255 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3794 ± 41
+
 
Range of Laser Microprobe 
40
Ar/
39
Ar 
Ages 
Schaeffer et al. (1982) 
3741 ± 41* 
4349 ± 32
+
 
4277 ± 32* 
3867 ± 16
+
 
Range of 
40
Ar/
39
Ar Minimum Ages 
(Aphanitic Melt Rock Parts) 
Dalrymple and Ryder (1996) 
3900 ± 16* 
3951 ± 17
+
 
3984 ± 17* 
3870 ± 40
+
 Range of 
40
Ar/
39
Ar Minimum Ages 
(Poikilitic Melt Rock Parts) 3851 ± 40* 
3850 ± 16
+
 
40
Ar/
39
Ar Minimum Ages 
(Granulite Clasts) 
3883 ± 16* 
3861 ± 16
+
 
3894 ± 16* 
4010 ± 30
+
 40
Ar/
39
Ar Minimum Age Leich et al. (1975) 
3949 ± 30* 
3900 Fission Track Ages 
(Whitlockite) 
Hutcheon et al. (1974) 
3930 
>4200, Peak 
at 4350 
U/Pb Zircon Ages Nemchin et al. (2008) 
 
TABLE 4-40: LIST OF AGE DATA FOR SAMPLE 72275 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3990 ± 30
+
 40
Ar/
39
Ar Minimum Age Leich et al. (1975) 
3930 ± 30* 
4010 ± 40
+
 Rb-Sr
 
Internal Mineral Age 
(Pigeonite Basalt Clast) 
Compston et al. (1975) 
3990 ± 40* 
4130 ± 80
+
 Rb-Sr Mineral
 
Isochron 
(Pigeonite Basalt Clast) 
Shih et al. (1992) 
4110 ± 80* 
4080 ± 70* 
Sm-Nd Mineral
 
Isochron 
(Pigeonite Basalt Clast) 
>4200, Peak 
at 4350 
U/Pb Zircon Ages Nemchin et al. (2008) 
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4.2.6.25. Sample 73235 
Using the 40Ar-39Ar method two similar whole rock minimum ages were 
determined by Phinney et al. (1975; 3920 ± 40 Ma) and Turner and Cadogan 
(1975; 3905 ± 40 Ma). Both release spectra exhibit age steps >4000 Ma in the 
high temperature range. 
Pidgeon et al. (2007) used the U-Pb system to date a zircon aggregate from 
73235. They found two different age regimes (4310 Ma and 4180 Ma) and 
interpreted the older age as the primary crystallisation age and the younger age 
as the result of a severe shock event. 
38Ar ages were determined for this sample by Phinney et al. (1975; 195 ± 20 
Myr) and by Turner and Cadogan (1975; 110 Myr). 
TABLE 4-41: LIST OF AGE DATA FOR SAMPLE 73235 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3980 ± 40
+
 40
Ar/
39
Ar Minimum Age Phinney et al. (1975) 
3920 ± 40* 
3960 ± 40
+
 40
Ar/
39
Ar Minimum Age Turner and Cadogan (1975) 
3905 ± 40* 
4310 & 4180 U/Pb Zircon Age Regimes Pidgeon et al. (2007) 
 
4.2.6.26. Sample 76055 
Using the 40Ar-39Ar method, three similar whole rock minimum ages were 
determined by Kirsten et al. (1973a; 3975 ± 70 Ma), Huneke et al. (1973; 3915 
± 40 Ma) and Turner et al. (1973; 3925 ± 50 Ma). A significantly younger Rb-Sr 
isochron age (3841 ± 40 Ma) was determined for this sample by Tera et al. 
(1974).  
38Ar ages were determined for this sample by Kirsten et al. (1973a; 120 ± 15 
Myr), Huneke et al. (1973; 140 ± 20 Myr) and Turner et al. (1973; 125 Myr). 
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TABLE 4-42: LIST OF AGE DATA FOR SAMPLE 76055 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
4050 ± 70
+
 40
Ar/
39
Ar Minimum Age Kirsten et al. (1973a) 
3975 ± 70* 
3970 ± 40
+
 40
Ar/
39
Ar Minimum Age Huneke et al. (1973) 
3915 ± 40* 
3980 ± 50
+
 40
Ar/
39
Ar Minimum Age Turner et al. (1973) 
3925 ± 40* 
3860 ± 40
+
 
Rb-Sr isochron age Tera et al. (1974) 
3841 ± 40* 
 
4.2.6.27. Sample 76235 
Using the 40Ar-39Ar method, two similar whole rock minimum ages were 
determined by Cadogan and Turner (1976; 3876 ± 60 Ma and 3896 ± 60 Ma). 
According to the Lunar Sample Compendium (Meyer, 2012) the exposure age 
of sample 76235 has been determined via the 38Ar method to be 16 Myr by 
Cadogan and Turner (1976). However, in Cadogan and Turner (1976) this 
number (16 ± 3) is stated as the cosmogenic 38Ar/Ca ratio (in units of 10-8 cm3 
STP/g). The exposure age that can be calculated using this 38Ar/Ca value (for 
details see section 3.2.4) is 11 ± 15 Myr.  
TABLE 4-43: LIST OF AGE DATA FOR SAMPLE 76235 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
3930 ± 60
+
 
40
Ar/
39
Ar Minimum Age Cadogan and Turner (1976) 
3876 ± 60* 
3950 ± 60
+
 
3896 ± 60* 
 
4.2.6.28. Sample 77035 
No age and exposure age data have been published for this sample (Meyer, 
2012). 
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4.2.6.29. Sample 78155 
Using the 40Ar-39Ar method, three similar whole rock minimum ages were 
determined by Turner and Cadogan (1975; 4156 ± 40 Ma), Oberli et al. (1979; 
4170 ± 30 Ma) and Fernandes et al. (2008; 4195 ± 74 Ma). Hudgins et al. 
(2008) determined a range of 40Ar-39Ar laser spot ages from 4084 ± 17 Ma to 
4205 ± 26 Ma. They also determined a plateau age (4110 ± 43 Ma) by rastering 
over the sample with the laser microprobe. However, replotting of the Ar release 
spectrum with Isoplot 4 (Ludwig, 2012), does not yield a plateau age. 
The Ar minimum age of Oberli et al. (1979) is in very good agreement with a 
U/Pb age (4170 ± 20 Ma) determined by the same study. 
38Ar exposure ages were determined for this sample by Turner and Cadogan 
(1975; 30 Myr) and Hudgins et al. (2008; 20.7 ± 1.5 Myr). 
TABLE 4-44: LIST OF AGE DATA FOR SAMPLE 78155 FROM THE LITERATURE. 
+
 = ORIGINAL LITERATURE VALUE; * = CORRECTED LITERATURE VALUE. 
Age [Ma] Type Source 
4220 ± 40
+
 
40
Ar/
39
Ar Minimum Age 
Turner and Cadogan (1975) 
4156 ± 40* 
4170 ± 30 Oberli et al. (1979) 
4195 ± 74 Fernandes et al. (2008) 
4080 ± 17 to 
4201± 26
+
 40
Ar-
39
Ar Laser Spot Age Range 
Hudgins et al. (2008) 
4084 ± 17 to 
4205 ± 26* 
4106 ± 43
+
 40Ar-
39
Ar “Plateau Age” 
(Determined by Rastering over Sample)  4110 ± 43* 
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FIGURE 4-15: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 14310. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
 
FIGURE 4-16: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 60315. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE MINI-PLATEAU IS INDICATED 
BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
167 
 
FIGURE 4-17: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 60335 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-18: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 60335 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR.  
168 
 
FIGURE 4-19: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 60625. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-20: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61015 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
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FIGURE 4-21: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61015 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-22: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61016 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-23: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61016 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-24: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61156 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-25: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 61156 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
 
FIGURE 4-26: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 62235 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-27: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 62235 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR.  
 
FIGURE 4-28: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 62255. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
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FIGURE 4-29: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 62295 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
 
FIGURE 4-30: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 62295 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-31: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 63355. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-32: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 63549. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-33: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 64475. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
 
FIGURE 4-34: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 64476. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
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FIGURE 4-35: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 64536. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-36: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 64537. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-37: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 64815. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
 
FIGURE 4-38: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 65055. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS INDICATED BY 
FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-39: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 65075. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-40: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 67095 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
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FIGURE 4-41: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 67095 (GRAIN #2). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-42: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 67235 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE PLATEAU IS 
INDICATED BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-43: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 67235 (GRAIN #1). AGE SPECTRA (BLACK) 
AND K/CA RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. 
 
FIGURE 4-44: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 67935. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE MINI-PLATEAU IS INDICATED 
BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW. 
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FIGURE 4-45: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 68415. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR.  
 
FIGURE 4-46: 
40
AR/
39
AR AGE SPECTRA FOR SAMPLE 68416. AGE SPECTRA (BLACK) AND K/CA 
RATIO (BLUE) ARE SHOWN AS A FUNCTION OF RELEASED 
39
AR. THE MINI-PLATEAU IS INDICATED 
BY FILLED PLATEAU STEPS AND THE RED DOUBLE HEADED ARROW.  
182 
4.2.7. Estimating the age of the melt forming event from 40Ar-39Ar 
and other isotopic methods 
To calculate accurate initial 87Sr/86Sr and 143Nd/144Nd ratios in the next section 
(4.3) it is crucial to identify the last major event that had the potential to reset 
the Rb-Sr and Sm-Nd isotopic systems. The samples studied here do not show 
signs of long lasting metamorphic events; at most they were shock heated for a 
short time span (for details see 5.2). Therefore, the last resetting event of the 
Rb-Sr and Sm-Nd isotopic systems was likely the melt forming event. The 
obtained Ar ages most likely record the time of this melt forming event (for 
details see 5.2), which would have also reset the Rb-Sr and Sm-Nd 
chronometers due to the large degree of melting and homogenisation of the 
melt. Thus, the initial 87Sr/86Sr and 143Nd/144Nd ratios calculated using the best 
estimates of ages should represent the isotopic ratios of the melt body they 
crystallised from. TABLE 4-45 lists the best estimates of the ages of the impact 
events that created these melt rocks based on the data presented above. 
Plateau ages were chosen preferentially, followed by mini-plateau ages and 
then minimum ages. Ages obtained in this study were preferentially chosen over 
literature values to ensure the best possible degree of comparability. The 
exception is for sample 61015 where the literature Ar minimum age from 
Norman et al. (2006) was chosen over the Ar minimum ages obtained in this 
study, for the reasons outlined previously (section 4.2.6.5). For samples 60625, 
62255, 64476 and 64536 the total fusion age was chosen to represent the 
minimum age of the samples. These samples show spectra that indicate 
internal redistribution of argon. As mentioned above, in these cases the total 
fusion age has the potential to reflect the actual age of the samples (see section 
4.2.3.3). However, this requires that the samples were not additionally affected 
by diffusive loss. As this cannot be excluded for the samples, the ages can only 
be used as minimum ages. For samples for which no age data were obtained in 
this study literature values were used. 
As the ages compiled here are used to calculate initial 87Sr/86Sr and 143Nd/144Nd 
ratios, it could be beneficial to use, if available, 87Rb-87Sr and 147Sm-143Nd 
isochron ages instead of the 40Ar/39Ar ages. However, no 147Sm-143Nd whole 
rock isochron ages on any of the samples studied here exist, and for only three 
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samples are 87Rb-87Sr whole rock isochrons reported in the literature (FIGURE 
4-47). As shown in FIGURE 4-47, the 87Rb-87Sr isochron ages are in most cases 
within error identical to the 40Ar/39Ar ages. Where ages are different, the 87Rb-
87Sr isochron age was published without information about the 87Rb decay 
constant used in the calculation of the age [Sample 14310: Compston et al. 
(1972), Murthy et al. (1972) and Mark et al. (1974); Sample 62295: Mark et al. 
(1974)]. Therefore, the decay constant originally used had to be assumed to 
allow a correction towards the most recent decay constant. Thus, the difference 
between the 40Ar/39Ar age and the 87Rb-87Sr age might in these cases be the 
result of an erroneous correction of the 87Rb-87Sr age. Only for the 87Rb-87Sr 
age of sample 68415 and one of the 87Rb-87Sr ages of sample 14310 was the 
87Rb decay constant used, provided in the respective publications. In the case 
of sample 14310 the 40Ar/39Ar age (3829 ± 15 Ma) is the more precise one, and 
is therefore chosen over the corrected 87Rb-87Sr age (3851 ± 40 Ma). The 
40Ar/39Ar minimum age of sample 68415 (3842 ± 117 Ma) is based only on the 
oldest age step in the 40Ar/39Ar spectrum and is therefore relatively imprecise 
compared to the corrected 87Rb-87Sr age (3821 ± 10 Ma). Furthermore the 
corrected 87Rb-87Sr age for sample 68415 is consistent with the 40Ar/39Ar mini-
plateau age of sample 68416 (3834 ± 43 Ma) and the 40Ar/39Ar plateau ages of 
samples 63549 (3811 ± 23 Ma) and 65055 (3823 ± 33 Ma), which all belong – 
together with sample 68415 – to the distinct chemical group 3. Therefore, 
despite of the possibility of introducing inter-laboratory and inter-isotopic-system 
biases, in this case the 87Rb-87Sr age is chosen over the 40Ar/39Ar minimum age. 
While the agreement between 87Rb-87Sr ages and 40Ar/39Ar ages can only be 
shown with certainty for two samples, it nevertheless supports the assumption 
that the last resetting of the K-Ar isotopic system (i.e. the melt forming event) 
also did reset the Rb-Sr isotopic system of the samples studied here. 
The literature ages obtained for samples with various dating methods using the 
U-Pb system are older or within error the same as the respective 40Ar/39Ar ages 
(Figure 4-48). However, in the three cases where the U-Pb system ages that 
have been reported in the literature are older than the 40Ar/39Ar ages, the age 
discrepancy is likely not the result of the two systems recording different events. 
In the case of samples 60315 and 60335 the Ar ages are only mini-plateau or 
minimum ages. Therefore the U-Pb system ages can be expected to give an 
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older age if they represent the actual crystallisation age of the impact melt. The 
U-Pb system age of 61016 is a 238U,244Pu-136Xe fission age with a large 
uncertainty (± 250 Ma). As this method has been shown to be able to achieve 
significantly lower uncertainties (± 20 to ± 40 Ma; Michel and Eugster, 1994) the 
large uncertainty in the case of 61016 might indicate a problem with this 
particular age. Furthermore, the 238U,244Pu-136Xe fission age of 61016 seems to 
be the only case in which this method has been successfully applied to lunar 
impact melt rocks. Therefore it is impossible to evaluate how suitable this 
method is for the dating of lunar impact melt rocks, especially in comparison to 
other methods such as the well-established 40Ar/39Ar dating. Additionally, the 
method itself has the problem that there are no long-lived isotopes of plutonium 
against which to normalise the abundance of the extinct 244Pu, which is why 
244Pu is deemed not suitable for chronological applications (Davis and 
McKeegan, 2014, Section 1.11.4.16, p. 384). 
Last but not least, Fischer-Gödde and Becker (2012) determined an age of 
4210 ± 130 Ma via an 187Re-187Os isochron on sample 67935. They argue that 
the 187Re-187Os isochron age of 67935 represents the formation age of the 
impact melt rock, and that younger Ar ages are the result of a later disturbance. 
As the here determined Ar mini-plateau age of sample 67935 (3840 ± 20 Ma) 
can only be considered a minimum age, it is strictly speaking compatible with a 
crystallisation age of 4210 ± 130 Ma. However, the difference of a mini-plateau 
age to the actual crystallisation age is more likely on the scale of millions to tens 
of millions of years (Figure 4-14), than on the scale of hundred millions of years. 
This is supported by the plateau age of sample 67235 (3890 ± 19 Ma), which 
belongs to the same compositional subgroup (2NR) than 67935, and therefore 
likely reflects the crystallisation age of 67935, as these samples are likely 
cogenetic (for details see section 5.3.1). Furthermore, the 187Re-187Os isochron 
of Fischer-Gödde and Becker (2012) might actually be the result of mixing of 
different impactor components. According to Liu et al. (2015) a positive or 
negative intercept in highly siderophile element (HSE) vs. Ir plots in lunar impact 
melt rocks can indicate the mixing of two different impactor components. Such 
intercepts are observed for most (Re, Os, Ru, Pt, Rh, Pd; but Au) of the HSE 
vs. Ir plots for sample 67935 in Fischer-Gödde and Becker (2012). The HSE 
concentrations of 67935 in Fischer-Gödde and Becker (2012) are also by a 
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factor of 10 higher than those of the other studied samples, and are similar to 
the concentrations of clasts from the regolith breccias 65095 and 61006 by Liu 
et al. (2015), which might be the result of the accumulation of metal from 
multiple impactors. Liu et al. (2015) also calculated an 187Re-187Os isochron 
from sample 65095 of 1980 ± 570 Ma, while they expect the sample to be 3880 
Ma. Even though Liu et al. (2015) identify this isochron as not robust (MSWD = 
8.5), it shows the potential of mixed impactor components to produce a 
misleading 187Re-187Os isochron. In addition, Borchardt and Stöffler (1981) 
showed that metal grains in 67935 have a range of compositions that could 
indicate "either a mixed population of lunar and meteoritic metal or a population 
of recrystallized and reequilibrated meteoritc metal." While the 187Re-187Os 
isochron method looks to have potential in determining melt event ages, a 
better understanding of the behaviour in of this system in impact melt rocks is 
required to apply it with confidence. 
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TABLE 4-45: LIST OF THE BEST AGE ESTIMATE FOR THE MELT FORMING EVENT OF EACH SAMPLE. 
MIN – MINIMUIM AGE. 
Sample Age [Ma]  Source 
14310 3829 ± 15 Ar-plateau This study, Grain #1 
60315 3844 ± 18 (Min) Ar-mini-plateau This study, Grain #1 
60335 3877 ± 35 (Min) Ar oldest age step This study, Grain #2 
60625 3820 ± 12 (Min) Total fusion Ar age This study, Grain #1 
61015 3932 ± 36 (Min) Ar minimum age Norman et al. (2006), corrected 
61016 3633 ± 42  Ar-plateau This study, Grain #1 
61156 3950 ± 24  Ar-plateaus 
This study, Weighted average of grain #1 
& #2 
62235 3865 ± 17 Ar-plateau This study, Grain #1 
62255 3883 ± 12 (Min) Total fusion Ar age This study, Grain #1 
62295 3886 ± 25 Ar-plateau This study, Grain #2 
63355 3522 ± 49 (Min) Ar oldest age step This study, Grain #1 
63549 3811 ± 23  Ar-plateau This study, Grain #1 
64475 3888 ± 22 Ar-plateau This study, Grain #1 
64476 3910 ± 26  Total fusion Ar age This study, Grain #1 
64536 3913 ± 13  Total fusion Ar age This study, Grain #1 
64537 3802 ± 18  Ar-plateau This study, Grain #1 
64815 3895 ± 17  Ar-plateau This study, Grain #1 
65015 3909 ± 36  Ar-plateau Norman et al. (2006), recalculated 
65055 3823 ± 33 Ar-plateau This study, Grain #1 
65075 2291 ± 13 (Min) Ar oldest age step This study, Grain #1 
66095 3708 ± 16 (Min) Ar minimum age Norman et al. (2006), corrected 
67095 3829 ± 54 (Min) Ar oldest age step This study, Grain #1 
67235 3890 ± 19 Ar-plateau This study, Grain #2 
67935 3840 ± 20 (Min) Ar-mini-plateau This study, Grain #1 
68415 3821 ± 10  
87
Rb-
87
Sr isochron age Papanastassiou and Wasserburg (1972b) 
68416 3834 ± 43 (Min) Ar-mini-plateau This study, Grain #1 
72215 
72235 
72255 
72275 
3984 ± 17 (Min) Ar minimum age of 72255 Dalrymple and Ryder (1996), corrected 
73235 3920  ± 40 (Min) Ar minimum age Phinney et al. (1975), corrected 
76055 3975  ± 70 (Min) Ar minimum age Kirsten et al. (1973a), corrected 
76235 3896  ± 60 (Min) Ar minimum age Cadogan and Turner (1976), corrected 
77035 >3900  As most Apollo 17 breccias seem to record an age older than 3900 Ma. 
78155 4220 ± 40 (Min) Ar minimum age Turner and Cadogan (1975), corrected 
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TABLE 4-46: LIST OF THE EXPOSURE AGES FOR THE SAMPLES FROM THE LITERATURE. 
Sample Exposure Age [Myr] Method Source 
14310 
210 
38
Ar 
Husain et al. (1972) 
250 Stettler et al. (1973) 
300 Turner et al. (1971) 
333 and 347 York et al. (1972) 
259 
81
Kr Lugmair and Marti (1972) 
60315 4.5 ± 1 
38
Ar Kirsten et al. (1973b) 
61016 
≤7 
38
Ar Stettler et al. (1973) 
1.84 ± 0.4 Cosmic ray exposure age Eugster (1999) 
62235 
163 ± 54 
38
Ar Pepin et al. (1974) 
153.3 ± 2.9 
81
Kr Drozd et al. (1974) 
62255 
3 ± 1 
38
Ar Jessberger et al. (1977a) 
1.9 
81
Kr Arvidson et al. (1975) 
62295 
310 
38
Ar Turner et al. (1973) 
235 
81
Kr Arvidson et al. (1975) 
64475 
1.6 
38
Ar 
Bogard et al. (1975) 
1.0-1.3 
21
Ne 
64536 1.7 ± 0.2 and 2.4 ± 0.3 
38
Ar Jessberger et al. (1977a) 
65015 
365 ± 20 38
Ar 
Kirsten et al. (1973b) 
490 Jessberger et al. (1974) 
1.2 Suntan age Bhandari et al. (1973) 
65055 2.3 ± 0.5 
38
Ar Jessberger et al. (1977a) 
66095 
40-80 
38
Ar Turner et al. (1973) 
1.1 ± 0.5 
21
Ne Heymann and Huebner (1974) 
0.9 ± 0.2 
26
Al 
Fruchter et al. (1978) 
1.4 ± 0.3 
53
Mn 
67095 
>2.5 
26
Al 
Fruchter et al. (1978) 
>12 
53
Mn 
50.2 ± 1.8 
81
Kr Drozd et al. (1974) 
67935 
0.5 ± 0.2 
26
Al 
Fruchter et al. (1978) 
3.8 ± 0.9 
53
Mn 
68415 
95 ± 15 and 105 ± 15 
38
Ar 
Huneke et al. (1973) 
87 ± 5 Kirsten et al. (1973b) 
90 Stettler et al. (1973) 
113 ± 42 
Drozd et al. (1974) 92.5 ± 5.9 
81
Kr 
32.5 ± 7.8 
21
Ne 
68416 89 ± 4 
38
Ar Kirsten et al. (1973b) 
72215 
72235 
72255 
72275 
41.8 ± 1.3 (mean of 72215 and 
72255) 
52.5 ± 1.4 (72275) 
81
Kr Leich et al. (1975) 
73235 
195 ± 20 38
Ar 
Phinney et al. (1975) 
110 Turner and Cadogan (1975) 
76055 
120 ± 15 
38
Ar 
Kirsten et al. (1973a) 
140 ± 20 Huneke et al. (1973) 
125 Turner et al. (1973) 
76235 11 ± 15 
38
Ar Cadogan and Turner (1976) 
78155 
30 38
Ar 
Turner and Cadogan (1975) 
20.7 ± 1.5 Hudgins et al. (2008) 
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FIGURE 4-47: 
87
RB-
87
SR ISOCHRON AGES PUBLISHED IN THE LITERATURE VS. 
40
AR/
39
AR AGES 
DETERMINED IN THIS STUDY FOR THE SAMPLES FOR WHICH BOTH WERE AVAILABLE (14310, 
68415 AND 68416). THE 
40
AR/
39
AR AGES ARE TWO PLATEAU AGES (14310, 62295), AN OLDEST 
AGE STEP (68415) AND A MINI-PLATEAU AGE (68416). THE USED VALUES ARE LISTED IN TABLE 
4-12, TABLE 4-21, TABLE 4-36 AND TABLE 4-37. BLACK SYMBOLS INDICATE THAT BOTH AGES 
ARE WITHIN ERROR IDENTICAL, WHITE SYMBOLS INDICATE THAT THEY ARE NOT. THE ASTERISK (*) 
MARKS 
87
RB-
87
SR ISOCHRON AGES FOR WHICH THE 
87
RB DECAY CONSTANT WHICH WAS USED IN 
THE CALCULATION OF THE REPORTED AGE IS DEFINITELY KNOWN. THEREFORE, ONLY FOR THOSE 
AGES THE APPLIED CORRECTION FOR THE NEW DECAY CONSTANT IS CERTAINLY CORRECT. THE 
BLACK LINE INDICATES WHERE AN 
87
RB-
87
SR ISOCHRON AGE WOULD EQUAL AN 
40
AR/
39
AR AGE. 
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FIGURE 4-48: U-PB SYSTEM AGES PUBLISHED IN THE LITERATURE VS. 
40
AR/
39
AR AGES 
DETERMINED IN THIS STUDY FOR THE SAMPLES FOR WHICH BOTH WERE AVAILABLE (60315, 
60335, 61016, 61156, 62295, 65015 AND 68415). THE 
40
AR/
39
AR AGES ARE PLATEAU AGES 
(BLACK SYMBOLS), OLDEST AGE STEPS (WHITE SYMBOLS) AND A MINI-PLATEAU AGE (LINE 
PATTERN SYMBOL). THE USED VALUES ARE LISTED IN TABLE 4-13, TABLE 4-14, TABLE 4-17, 
TABLE 4-18, TABLE 4-21, TABLE 4-29 AND TABLE 4-36. THE BLACK LINE INDICATES WHERE AN 
U-PB AGE WOULD EQUAL AN 
40
AR/
39
AR AGE.  
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4.3. Samarium-Neodymium and Rubidium-Strontium Isotope Results  
This section presents whole rock 87Rb-87Sr and 147Sm-143Nd isotopic data for 
the Apollo 14, 16 and 17 samples that were obtained via isotope dilution (ID) 
thermal ionisation mass spectrometry. First, the measured 87Rb-87Sr and 147Sm-
143Nd isotopic data are shown. Then initial isotopic ratios are calculated by age-
correcting the measured isotopic data with the best age estimates for each 
sample as established in section 4.2.7. Furthermore, the data of this study are 
compared to the data from other studies on the same samples and to isotopic 
data on igneous lunar lithologies. Finally, the possible effects of neutron capture 
effects on the 147Sm-143Nd isotopic data are considered.  
 
4.3.1. Decay constants and CHUR values 
Throughout this study the following decay constants are used: 
λ87Rb = 1.397 * 10
-11 a-1 (Rotenberg et al., 2012) 
λ147Sm = 6.54 * 10
-12 a-1 (Begemann et al., 2001) 
The following present day CHUR reservoir 147Sm-143Nd isotopic composition 
values (from Faure and Mensing, 2005, p. 201) were used to calculate the 
ϵ143ND,𝑖 (initial ϵ143Nd) values (ε-Nd notation after DePaolo and Wasserburg 
(1976):  
143Nd/144Nd = 0.512638 
147Sm/144Nd = 0.1967 
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FIGURE 4-49: INDUCTIVELY COUPLED PLASMA 
MASS SPECTROMETRY (ICP-MS) VS. ISOTOPE 
DILUTION (ID) TIMS DATA FOR SR, RB, ND AND 
SM. THE ERROR BARS OF THE STUDIED SAMPLES 
SHOW THE 1Ϭ STANDARD DEVIATION (3%) 
ASSIGNED TO THE ICP-MS DATA FROM 
PROCEDURAL STANDARD MEASUREMENT (SEE 
SECTION 3.1.3). THE IN-RUN 2Ϭ STANDARD 
DEVIATION OF THE ID-TIMS DATA IS WITHIN THE 
SYMBOLS. THE STRAIGHT GREY LINE IN EACH PLOT 
INDICATES WHERE THE ICP-MS DATA EQUALS THE 
ID-TIMS DATA. 
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4.3.2. Data quality and comparison to ICP-MS data 
Data quality assessments based on blanks and standards can be found in 
section 3.3.3. Figure 4-49 shows the Sr, Rb, Nd and Sm concentrations 
obtained via isotope dilution-TIMS vs. the ICP-MS data obtained for the same 
powder in this study (see section 4.1). The concentrations from the two different 
methods are generally identical within error. The most likely explanation for the 
slight differences observed for some samples is a nugget effect of mineral/metal 
grains that were not destroyed during the grinding of the sample. 
 
4.3.3. Additional Data 
Prior to this study separate splits of the samples 14310, 60315, 60335, 62235, 
65055 and 68415 had been prepared for analysis of 147Sm-143Nd isotopes. The 
measurements were then conducted during this study. These data are given 
alongside the other data and indicated with “#MN”. 
 
4.3.4. 87Rb-87Sr Isotopic Data 
The 87Rb-87Sr data acquired in this study are shown in Table 4-47. 
Concentrations of Rb and Sr span similar ranges for the samples from the 
Apollo 16 and 17 landing sites, with the ranges from Apollo 17 being shifted 
towards slightly lower concentrations (Rb: 0.437 ± 0.00122 to 8.7553 ± 0.0002 
ppm; Sr: 128.006 ± 0.001 to 172.411 ± 0.001 ppm) compared to the Apollo 16 
ranges (Rb: 1.651 ± 0.001 to 10.418 ± 0.006 ppm; Sr: 140.758 ± 0.003 to 
225.214 ± 0.014 ppm). The measured 87Rb/86Sr ratios range from 0.02755 ± 
0.00001 to 0.20373 ± 0.00013 for the Apollo 16 samples and from 0.00878 ± 
0.00004 to 0.146947 ± 0.000004 for the Apollo 17 samples. The measured 
87Sr/86Sr ratios range from 0.700621 ± 0.000006 to 0.711598 ± 0.000009 for the 
Apollo 16 samples and from 0.699750 ± 0.000004 to 0.708123 ± 0.000002 for 
the Apollo 17 samples The range of 87Sr/86Sr and 87Rb/86Sr ratios for the 
                                            
22
 Throughout this chapter, uncertainties are on the 2σ level and represent the internal standard error of 
individual sample measurements.  
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samples in this study is similar to the range of isotopic data already published 
for these samples (Figure 4-50). A more detailed comparison between literature 
values and the data from this study can be found in section 4.3.6 below. 
Figure 4-50 shows a plot of the measured 87Sr/86Sr ratio vs. the 87Rb/86Sr ratio, 
in which the Apollo 16 chemical groups are generally well separated, with the 
exception of the feldspathic groups 2F and 3, which overlap each other. 
Generally, samples which show a strong KREEP signature in their trace 
element compositions (Apollo 16 group 1; sample 14310) show high values of 
87Sr/86Sr and 87Rb/86Sr. In contrast, samples with a strong feldspathic signature 
(Apollo 16 Group 3 and 2F samples, Apollo 17 feldspathic granulitic impactites 
(FGIs)) exhibit the lowest values of those ratios. As expected, the samples 
which chemically seem to reflect a mixture of KREEP and feldspathic materials 
(samples from Apollo 16 Subgroups 2DB, 2NR, 2M, 2Mo and Apollo 17 Group 
A) have intermediate ratios. Apollo 17 sample 76055 (Group O) shows 87Sr/86Sr 
and 87Rb/86Sr ratios similar to Group A sample 73235, which has the lowest of 
these ratios of all Group A samples. The matrix of sample 77035 (Group P) has 
87Sr/86Sr and 87Rb/86Sr ratios higher than any other Apollo 17 sample. The 
feldspathic granulitic impactites and the clast of sample 77035 have the lowest 
of these ratios of all Apollo 17 samples.  
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FIGURE 4-50: MEASURED 
87
SR/
86
SR RATIO VS. THE 
87
RB/
86
SR RATIO FOR THE STUDIED IMPACT 
MELT ROCKS. THE DATA SHOWN IS THE DATA OBTAINED IN THIS STUDY. SYMBOLS ARE AS 
OUTLINED IN THE LEGEND, RESPECTIVELY AS IN Table 4-6. THE 2Ϭ STANDARD ERROR IS WITHIN 
THE SYMBOL SIZE FOR BOTH RATIOS. THE LARGER, HALF-TRANSPARENT SYMBOLS IN THE 
BACKGROUND OF THE FIGURE ARE MATRIX AND/OR WHOLE ROCK DATA FOR THE SAMPLES IN THIS 
STUDY THAT HAVE ALREADY BEEN PUBLISHED. THE RESPECTIVE STUDIES ARE LISTED IN TABLE 
4-50. 
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TABLE 4-47: 
87
RB-
87
SR RESULTS OF STUDIED IMPACT MELT ROCKS. THE UNCERTAINTIES REFLECT THE 2Ϭ 
STANDARD ERROR AND REFER TO THE LAST SHOWN DIGIT. “BATCH” REFERS TO THE ANALYTICAL BATCH 
(BATCH 1 TO 5  B1 TO B5) IN WHICH THE SAMPLE WAS ANALYSED. 
Sample Split (Batch) Rb [ppm] Sr [ppm] 
87
Rb/
86
Sr 
87
Sr/
86
Sr 
14310 668 (B4) 13.43 ± 2 185.495 ± 4 0.2095 ± 4 0.711857 ± 7 
60315 224 (B2) 10.398 ± 6 147.969 ± 4 0.2033 ± 1 0.711598 ± 9 
60335 6 (B1) 4.24 ± 1 225.21 ± 1 0.0544 ± 2 0.702437 ± 7 
60625 29 (B3) 5.007 ± 1 156.239 ± 4 0.0927 ± 2 0.704743 ± 9 
61015 192 (B3) 5.398 ± 6 153.488 ± 3 0.1018 ± 1 0.705425 ± 7 
61016 123 (B1) 1.986 ± 5 201.63 ± 1 0.0285 ± 7 0.701170 ± 8 
61156 55 (B2) 1.651 ± 5 173.349 ± 4 0.02756 ± 8 0.700621 ± 6 
62235 60 (B1) 9.404 ± 6 166.742 ± 5 0.1632 ± 1 0.709764 ± 7 
62255 
166 (B3) 5.44 ± 2 153.892 ± 4 0.1023 ± 3 0.705386 ± 8 
166 MG (B4) 5.38 ± 3 154.430 ± 4 0.1008 ± 5 0.705352 ± 8 
62295 179 (B1) 6.03 ± 2 173.171 ± 7 0.1008 ± 3 0.705767 ± 7 
63355 56 (B2) 6.07 ± 2 151.265 ± 3 0.1160 ± 3 0.706342 ± 7 
63549 30 (B2) 1.745 ± 5 170.379 ± 5 0.02964 ± 9 0.700862 ± 7 
64475 105 (B2) 4.48 ± 1 156.925 ± 3 0.0825 ± 2 0.704277 ± 6 
64476 
29 LM (B3) 4.48 ± 1 156.925 ± 3 0.0825 ± 2 0.704277 ± 6 
29 DM (B4) 4.654 ± 9 157.990 ± 4 0.0852 ± 2 0.704390 ± 8 
64536 42 (B3) 4.423 ± 5 155.158 ± 3 0.0825 ± 1 0.704321 ± 8 
64537 
22 (B1) 4.64 ± 4 180.900 ± 5 0.07422 ± 6 0.704213 ± 5 
22 (B5) 4.26 ± 1 155.300 ± 4 0.0794 ± 2 0.704152 ± 9 
64815 28 (B2) 6.86 ± 2 140.758 ± 3 0.1410 ± 4 0.707996 ± 7 
65015 49 (B2) 8.46 ± 3 157.702 ± 3 0.1552 ± 5 0.709074 ± 6 
65055 
39 (B1) 1.813 ± 4 186.83 ± 1 0.0281 ± 1 0.700886 ± 7 
39 (B4) 1.777 ± 2 170.123 ± 4 0.03023 ± 4 0.700890 ± 7 
65075 19 (B3) 7.02 ± 3 157.706 ± 4 0.1288 ± 6 0.706845 ± 8 
66095 25 (B3) 4.244 ± 5 153.935 ± 4 0.07978 ± 9 0.704102 ± 8 
67095 
115 (B1) 7.680 ± 5 167.026 ± 6 0.13304 ± 9 0.706706 ± 7 
115 (B4) 7.02 ± 3 157.706 ± 4 0.1288 ± 6 0.706845 ± 8 
67235 8 (B2) 6.31 ± 2 151.574 ± 3 0.1204 ± 4 0.706497 ± 6 
67935 12 (B3) 6.225 ± 6 158.572 ± 5 0.1136 ± 1 0.705869 ± 8 
68415 211 (B3) 1.889 ± 9 177.365 ± 4 0.0308 ± 1 0.700917 ± 7 
68416 118 (B3) 1.847 ± 4 178.925 ± 5 0.02988 ± 7 0.700836 ± 8 
72215 212 (B4) 5.86 ± 3 137.62 ± 2 0.1233 ± 6 0.706914 ± 55 
72235 247 (B4) 6.42 ± 1 135.662 ± 3 0.1369 ± 2 0.707623 ± 8 
72255 373 (B4) 5.85 ± 3 140.842 ± 3 0.1201 ± 6 0.706649 ± 7 
72275 70 (B4) 5.93 ± 1 132.850 ± 3 0.1292 ± 2 0.707246 ± 8 
73235 185 (B5) 4.85 ± 1 145.000 ± 3 0.0968 ± 2 0.705124 ± 7 
76055 88 (B2) 5.22 ± 2 154.317 ± 4 0.0980 ± 3 0.705204 ± 7 
76235 
27 (B2) 0.437 ± 1 143.392 ± 4 0.00882 ± 3 0.699800 ± 6 
27 (B5) 0.447 ± 2 147.115 ± 4 0.00879 ± 4 0.699818 ± 8 
77035 
248 M (B5) 8.76 ± 2 172.309 ± 4 0.1470 ± 4 0.708184 ± 8 
249 C (B5) 3.532 ± 9 127.916 ± 3 0.0799 ± 2 0.703833 ± 7 
78155 151 (B5) 2.101 ± 5 144.914 ± 8 0.0419 ± 1 0.701675 ± 24 
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4.3.5. 147Sm-143Nd Isotopic Data 
The 147Sm-143Nd data acquired in this study are shown in Table 4-48 and Table 
4-49. Previously collected 147Sm-143Nd isotopic data on the matrix or whole rock 
fractions of the analysed samples, were found for only two samples (Table 
4-51). They are compared to data from this study in section 4.3.6 below. 
Samarium concentrations of the Apollo 16 samples measured by isotope 
dilution range from 2.9197 ± 0.0001 to 27.005 ± 0.002, while Nd concentrations 
range from 10.389 ± 0.001 to 97.622 ± 0.005. By comparison, Sm 
concentrations of the Apollo 17 samples range from 1.3786 ± 0.0001 to 17.9555 
± 0.0005. For the Nd isotopic composition, concentrations range from 4.9471 ± 
0.0002 to 64.359 ± 0.002. The measured ϵ143ND values range from -16.36 ± 0.08 
to -14.61 ± 0.13 for the Apollo 16 samples and from -16.16 ± 0.09 to -13.49 ± 
0.01 for the Apollo 17 samples. The measured 147Sm/144Nd ratios range from 
0.16693 ± 0.00001 to 0.17156 ± 0.00001 for the Apollo 16 samples and from 
0.16822 ± 0.00001 to 0.17257 ± 0.00001 for the Apollo 17 samples.  
Figure 4-51 shows a plot of the measured 143Nd/144Nd ratios vs. the 
corresponding 147Sm/144Nd ratios. Unlike in the case of the Rb-Sr data, the 
distinction between KREEP-rich and more feldspathic samples is not as clear in 
the Sm-Nd isotopes. Samples richer in KREEP are associated with lower 
143Nd/144Nd and 147Sm/144Nd ratios, while most feldspathic samples tend to have 
higher 143Nd/144Nd and 147Sm/144Nd ratios. However, this trend is broken by the 
Group 2F, 2Mo and 1S samples. The KREEP-rich Group 1S sample 64815 
(143Nd/144Nd: 0.511893 ± 0.000006; 147Sm/144Nd: 0.17048 ± 0.00001) and the 
Group 2Mo sample 62295 (143Nd/144Nd: 0.511877 ± 0.000004; 147Sm/144Nd: 
0.17140 ± 0.00001), both of which contain moderate KREEP contents, have 
some of the highest ratios in the entire data set. On the other hand, two of the 
three feldspathic Group 2F samples – 60335 (143Nd/144Nd: 0.511813 ± 
0.000006; 147Sm/144Nd: 0.16877 ± 0.00001) and 61156 (143Nd/144Nd: 0.511840 
± 0.000006; 147Sm/144Nd: 0.16788 ± 0.00001) – show relatively low values for 
those ratios. Furthermore, the 147Sm-143Nd isotopic data for the split of 60335 
from the additional #MN data set shows the lowest measured  143Nd/144Nd value 
(0.511799 ± 0.000005) of all the studied samples, but one of the highest 
147Sm/144Nd ratios (0.17234 ± 0.00001). In general the observed range of 
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147Sm/144Nd ratios is small, considering the range of 147Sm-143Nd isotopic data, 
which can be found in lunar materials (e.g. Figure 4-54).  
 
FIGURE 4-51: MEASURED 
143
ND/
144
ND RATIO VS. THE 
147
SM/
144
ND RATIO FOR THE STUDIED 
IMPACT MELT ROCKS. THE DATA SHOWN ARE THE DATA OBTAINED IN THIS STUDY. SYMBOLS ARE 
AS OUTLINED IN THE LEGEND, RESPECTIVELY AS IN Table 4-6. THE 2Ϭ STANDARD ERROR IS 
SHOWN FOR THE 
143
ND/
144
ND RATIO AND IS WITHIN THE SYMBOL SIZE FOR THE 
147
SM/
144
ND 
RATIO. FOR CONSISTENCY, THE RATIOS OF THE #MN DATA SET (SEE TABLE 4-48) IS NOT 
SHOWN, AS I ONLY HAVE DATA ON THE SM-ND SYSTEM FOR THOSE SAMPLE SPLITS, AND THEY 
THEREFORE DO NOT APPEAR IN ANY OF THE FIGURES OF THE RB-SR ISOTOPIC SYSTEMS AND THE 
MAJOR AND TRACE ELEMENT PLOTS. 
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TABLE 4-48: 
147
SM-
143
ND RESULTS OF STUDIED IMPACT MELT ROCKS. THE UNCERTAINTIES REFLECT THE 
2Ϭ STANDARD ERROR AND REFER TO THE LAST SHOWN DIGIT. “BATCH” REFERS TO THE ANALYTICAL BATCH 
(BATCH 1 TO 5  B1 TO B5) IN WHICH THE SAMPLE WAS ANALYSED. ADDITIONAL DATA ARE PRESENTED, 
FOR WHICH THE CHEMICAL PREPARATION HAD BEEN PREVIOUSLY DONE BY DR. MARC NORMAN, AND WHICH 
WERE THEN ANALYSED IN THE COURSE OF THIS STUDY. THESE ANALYSES ARE ANNOTATED #MN. 
Sample Split (Batch) Sm [ppm] Nd [ppm] 
147
Sm/
144
Nd 
143
Nd/
144
Nd 
14310 
668 (B4) 25.322 ± 1 90.972 ± 4 0.16802 ± 1 0.511818 ± 4 
? (#MN) 23.33 ± 2 83.256 ± 5 0.16913 ± 17 0.511818 ± 7 
60315 
224 (B2) 21.801 ± 2 77.890 ± 3 0.16895 ± 1 0.511819 ± 5 
? (#MN) 21.301 ± 6 76.307 ± 4 0.16850 ± 5 0.511824 ± 6 
60335 
6 (B1) 6.6499 ± 2 23.783 ± 1 0.16877 ± 1 0.511813 ± 6 
? (#MN) 4.4224 ± 2 15.490 ± 1 0.17234 ± 1 0.511799 ± 5 
60625 29 (B3) 12.131 ± 1 43.261 ± 1 0.16926 ± 1 0.511830 ± 4 
61015 192 (B3) 13.353 ± 1 47.657 ± 1 0.16913 ± 1 0.511830 ± 3 
61016 123 (B1) 8.5733 ± 2 30.164 ± 2 0.17156 ± 1 0.511861 ± 7 
61156 55 (B2) 4.1415 ± 2 14.891 ± 1 0.16788 ± 1 0.511840 ± 6 
62235 
60 (B1) 27.005 ± 2 97.622 ± 5 0.16698 ± 2 0.511811 ± 4 
? (#MN) 27.163 ± 7 98.428 ± 9 0.16658 ± 5 0.511816 ± 9 
62255 
166 (B3) 13.526 ± 1 48.263 ± 2 0.16917 ± 1 0.511830 ± 4 
166 MG (B4) 13.4150 ± 4 47.886 ± 1 0.16910 ± 1 0.511833 ± 5 
62295 179 (B1) 10.9312 ± 3 38.496 ± 1 0.17140 ± 1 0.511877 ± 4 
63355 56 (B2) 13.0850 ± 4 46.548 ± 1 0.16969 ± 1 0.511845 ± 4 
63549 30 (B2) 2.9197 ± 1 10.389 ± 1 0.16964 ± 1 0.511862 ± 8 
64475 105 (B2) 11.1033 ± 2 39.606 ± 1 0.16922 ± 1 0.511828 ± 4 
64476 
29 LM (B3) 12.5926 ± 5 44.940 ± 1 0.16914 ± 1 0.511821 ± 4 
29 DM (B4) 12.0918 ± 2 43.154 ± 1 0.16914 ± 1 0.511825 ± 4 
64536 42 (B3) 12.9694 ± 4 46.284 ± 1 0.16914 ± 1 0.511827 ± 4 
64537 22 (B5) 12.9668 ± 6 46.283 ± 1 0.16911 ± 1 0.511833 ± 4 
64815 28 (B2) 14.8898 ± 4 52.720 ± 3 0.17048 ± 1 0.511893 ± 6 
65015 49 (B2) 22.5882 ± 6 81.678 ± 3 0.16693 ± 1 0.511799 ± 4 
65055 
39 (B4) 2.9907 ± 1 10.5630 ± 2 0.17090 ± 1 0.511885 ± 4 
? (#MN) 1.6069 ± 4 5.507 ± 2 0.17615 ± 7 0.511805 ± 53 
65075 19 (B3) 12.0080 ± 4 42.937 ± 1 0.16881 ± 1 0.511820 ± 4 
66095 25 (B3) 11.8954 ± 4 42.472 ± 1 0.16906 ± 1 0.511822 ± 4 
67095 115 (B4) 9.6478 ± 2 34.456 ± 1 0.16902 ± 1 0.511821 ± 4 
67235 8 (B2) 13.3345 ± 4 47.520 ± 3 0.16938 ± 1 0.511847 ± 8 
67935 12 (B3) 9.2677 ± 3 32.999 ± 1 0.16953 ± 1 0.511837 ± 5 
68415 
211 (B3) 3.3807 ± 1 12.0212 ± 4 0.16975 ± 1 0.511852 ± 4 
? (#MN) 1.7282 ± 2 6.133 ± 1 0.17009 ± 3 0.511851 ± 33 
68416 118 (B4) 3.2010 ± 1 11.3567 ± 3 0.17014 ± 1 0.511887 ± 6 
72215 212 (B4) 13.168 ± 1 46.983 ± 3 0.16918 ± 2 0.511830 ± 9 
72235 247 (B4) 12.6871 ± 3 45.203 ± 1 0.16942 ± 1 0.511841 ± 4 
72255 373 (B4) 12.2803 ± 4 43.748 ± 2 0.16944 ± 1 0.511834 ± 5 
72275 
70 (B4-F1) 17.9560 ± 6 64.355 ± 4 0.16842 ± 1 0.511809 ± 7 
70 (B4-F2) 17.9555 ± 5 64.359 ± 2 0.16840 ± 1 0.511813 ± 5 
73235 185 (B5) 10.1170 ± 7 36.140 ± 1 0.16898 ± 1 0.511825 ± 5 
76055 88 (B2) 10.0771 ± 4 35.662 ± 2 0.17056 ± 1 0.511886 ± 6 
76235 27 (B5) 1.3786 ± 1 4.9471 ± 2 0.16822 ± 1 0.511887 ± 5 
77035 
248 M (B5) 12.9694 ± 9 45.941 ± 2 0.17041 ± 1 0.511872 ± 6 
249 C (B5) 2.5637 ± 2 9.1789 ± 4 0.16859 ± 1 0.511821 ± 5 
78155 151 (B5) 1.7978 ± 1 6.2882 ± 2 0.17257 ± 1 0.511946 ± 5 
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TABLE 4-49: 
147
SM-
143
ND RESULTS OF STUDIED IMPACT MELT ROCKS. THE UNCERTAINTIES REFLECT 
THE 2Ϭ STANDARD ERROR AND REFER TO THE LAST SHOWN DIGIT. “BATCH” REFERS TO THE ANALYTICAL 
BATCH (BATCH 1 TO 5  B1 TO B5) IN WHICH THE SAMPLE WAS ANALYSED. ADDITIONAL DATA ARE 
PRESENTED, FOR WHICH THE CHEMICAL PREPARATION HAD BEEN PREVIOUSLY DONE BY DR. MARC 
NORMAN, AND WHICH WERE THEN ANALYSED IN THE COURSE OF THIS STUDY. THESE ANALYSES ARE 
ANNOTATED #MN. 
Sample Split (Batch) 𝜖143ND  
145
Nd/
144
Nd 
148
Nd/
144
Nd 
14310 
668 (B4) -16.03 ± 7 0.348448 ± 2 0.241585 ± 3 
? (#MN) -16.00 ± 13 0.348484 ± 4 0.241585 ± 4 
60315 
224 (B2) -15.94 ± 12 0.348500 ± 3 0.241589 ± 4 
? (#MN) -15.88 ± 13 0.348500 ± 3 0.241589 ± 4 
60335 
6 (B1) -16.09 ± 12 0.348502 ± 3 0.241589 ± 5 
? (#MN) -16.37 ± 1 0.348513 ± 3 0.241584 ± 4 
60625 29 (B3) -15.77 ± 9 0.348491 ± 3 0.241595 ± 3 
61015 192 (B3) -15.74 ± 7 0.348499 ± 2 0.241584 ± 2 
61016 123 (B1) -15.16 ± 13 0.348464 ± 3 0.241591 ± 5 
61156 55 (B2) -15.56 ± 13 0.348487 ± 4 0.241588 ± 5 
62235 
60 (B1) -16.12 ± 8 0.348440 ± 2 0.241589 ± 3 
? (#MN) -16.04 ± 17 0.348456 ± 4 0.241579 ± 4 
62255 
166 (B3) -15.76 ± 8 0.348498 ± 2 0.241588 ± 3 
166 MG (B4) -15.71 ± 1 0.348584 ± 3 0.241591 ± 3 
62295 179 (B1) -14.84 ± 9 0.348458 ± 2 0.241585 ± 3 
63355 56 (B2) -15.48 ± 9 0.348507 ± 2 0.241588 ± 3 
63549 30 (B2) -15.14 ± 15 0.348501 ± 5 0.241588 ± 6 
64475 105 (B2) -15.80 ± 8 0.348497 ± 2 0.241587 ± 2 
64476 
29 LM (B3) -15.95 ± 8 0.348498 ± 3 0.241601 ± 3 
29 DM (B4) -15.88 ± 9 0.348524 ± 3 0.241591 ± 3 
64536 42 (B3) -15.81 ± 1 0.348486 ± 2 0.241589 ± 3 
64537 22 (B5) -15.69 ± 8 0.348506 ± 3 0.241585 ± 3 
64815 28 (B2) -14.61 ± 13 0.348475 ± 4 0.241585 ± 5 
65015 49 (B2) -16.36 ± 8 0.348470 ± 2 0.241586 ± 3 
65055 
39 (B4) -14.69 ± 7 0.348561 ± 2 0.241589 ± 3 
? (#MN) -16.25 ± 104 0.348724 ± 47 0.241639 ± 72 
65075 19 (B3) -15.94 ± 7 0.348502 ± 2 0.241588 ± 3 
66095 25 (B3) -15.89 ± 9 0.348496 ± 3 0.241588 ± 3 
67095 115 (B4) -15.94 ± 8 0.348476 ± 3 0.241588 ± 3 
67235 8 (B2) -15.43 ± 16 0.348506 ± 4 0.241588 ± 5 
67935 12 (B3) -15.63 ± 11 0.348504 ± 3 0.241602 ± 4 
68415 
211 (B3) -15.36 ± 8 0.348504 ± 3 0.241610 ± 3 
? (#MN) -15.34 ± 64 0.348522 ± 2 0.241552 ± 28 
68416 118 (B4) -14.65 ± 11 0.348699 ± 4 0.241607 ± 4 
72215 212 (B4) -15.76 ± 18 0.348456 ± 11 0.241584 ± 7 
72235 247 (B4) -15.54 ± 8 0.348515 ± 3 0.241589 ± 3 
72255 373 (B4) -15.69 ± 11 0.348509 ± 3 0.241588 ± 4 
72275 
70 (B4-F1) -16.17 ± 14 0.348377 ± 2 0.241583 ± 5 
70 (B4-F2) -16.10 ± 9 0.348473 ± 3 0.241581 ± 3 
73235 185 (B5) -15.85 ± 1 0.348495 ± 3 0.241589 ± 4 
76055 88 (B2) -14.66 ± 14 0.348497 ± 4 0.241590 ± 4 
76235 27 (B5) -14.64 ± 9 0.348499 ± 3 0.241591 ± 3 
77035 
248 M (B5) -14.93 ± 11 0.348496 ± 4 0.241586 ± 5 
249 C (B5) -15.94 ± 1 0.348493 ± 3 0.241591 ± 4 
78155 151 (B5) -13.49 ± 1 0.348527 ± 3 0.241588 ± 4 
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4.3.6. Initial isotope ratios 
The initial 87Sr/86Sr (ISr) and the initial 
143Nd/144Nd (INd) were calculated using the 
best age estimates presented in TABLE 4-45. The ages are also listed in Table 
4-50 and Table 4-51 alongside the calculated ISr and INd. Those age estimates 
were also used to calculate the ISr and INd from previously published 
87Rb-87Sr 
and 147Sm-143Nd isotopic data. The calculated ISr for the studied samples are 
shown in Figure 4-52, while Figure 4-53 shows a comparison between the ISr 
found in this study, with those calculated from literature data. Figure 4-54 shows 
the calculated ϵ143Nd,𝑖 for the studied samples as well as the ϵ143Nd,𝑖 calculated 
from literature values with the age estimates presented here.  
 
4.3.6.1. Intra-sample variations 
The comparison of ISr ratios for splits of the same samples shows good 
agreement (i.e., identical within error) in some cases, but in other cases 
indicates intra-sample variations. The ISr determined for the splits analysed in 
this study and those calculated from literature values (Figure 4-53) are identical, 
within errors for samples 60315, 63549, 64815, 65015, 65055, 68415, 72275 
and 76235. Smaller differences (∆Isr < ~0.0002) can be observed for the 
samples 62235, 61016, 68416 and 76055, while larger differences (~0.0004 < 
∆Isr < ~0.0014) are found for the samples 14310, 60335, 61156, 62295, 66095, 
72215 and 72255.  
The ϵ143ND,𝑖 calculated for sample 65015 (0.1) from Lugmair et al. (1978) and for 
73235 (-1.37) from Oberli et al. (1978) are different to those calculated from the 
data of this study (65015: -1.3 ± 0.1; 73235: -1.8 ± 0.1; Table 4-51 and Figure 
4-54). Intra-sample variations in the 147Sm-143Nd isotopic data can also be seen 
when the data set is compared to the additional #MN data set (Table 4-51). 
Only for sample 62235 are the calculated 𝜖143ND,𝑖 values within error identical. 
The different sample splits of 14310 as well as 60315 show only slightly 
different 𝜖143ND,𝑖 values (∆𝜖143ND ,𝑖 = 0.1), while between the sample splits of 60335 
and 65055 the differences are larger (∆𝜖143Nd,𝑖 = 1.9 – 3.1). 
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FIGURE 4-52: INITIAL 
87
SR/
86
SR VS. THE ESTIMATED FORMATION AGE FOR THE STUDIED IMPACT 
MELT ROCKS. THE DATA SHOWN ARE THE DATA OBTAINED IN THIS STUDY. SYMBOLS ARE AS 
OUTLINED IN THE LEGEND IN FIGURE 4-50, RESPECTIVELY AS IN Table 4-6. THE RHOMBS 
AROUND THE DATA POINTS INDICATE THE UNCERTAINTIES (2Ϭ STANDARD ERRORS FOR THE AGE 
AND THE INITIAL 
87
SR/
86
SR). RHOMBS DRAWN WITH SOLID LINES INDICATE SUSPECTED 
FORMATION AGES THAT ARE BASED ON 
40
AR/
39
AR PLATEAU AGES. RHOMBS DRAWN WITH 
SQUARE DOTTED LINES INDICATE BEST ESTIMATES OF FORMATION AGES BASED ON 
40
AR/
39
AR 
MINIMUM AGES OR OTHER AGE ESTIMATES (TABLE 4-50). THE MINIMUM AGE OF 65075 IS 
YOUNGER THAN THE ESTIMATED AGES OF ALL OTHER SAMPLES. FOR THIS SAMPLE, THE RANGE 
OF INITIAL 
87
SR/
86
SR IS SHOWN WHICH IT WOULD EXHIBIT IF ITS ACTUAL AGE IS WITHIN THE 
DEPICTED AGE RANGE. THE EVOLUTION OF THE 
87
SR/
86
SR RATIO OF VARIOUS LUNAR 
LITHOLOGIES THROUGH TIME ARE SHOWN AS DARK GRAY DASHED LINES, FOR DETAILS SEE TEXT. 
THE SLOPE IN THE RHOMBS CAN BE USED TO ESTIMATE WHAT THE INITIAL VALUE OF THE SAMPLE 
WOULD BE, IF ONE ASSUMES A DIFFERENT FORMATION AGE THAN USED HERE. 
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FIGURE 4-53: INITIAL 
87
SR/
86
SR VS. THE ESTIMATED FORMATION AGE FOR THE STUDIED IMPACT 
MELT ROCKS. THE DATA SHOWN ARE THE DATA OBTAINED IN THIS STUDY COMPARED WITH 
LITERATURE VALUES OBTAINED FOR THE SAME SAMPLES. SYMBOLS ARE AS OUTLINED IN THE 
LEGEND, RESPECTIVELY AS IN TABLE 4-6. LITERATURE VALUES ARE SHOWN WITH TRIANGULAR 
SYMBOLS AND WITH THE SAME COLOUR CODING AS IN THE LEGEND. DATA POINTS BELONGING TO 
THE SAME SAMPLE ARE CONNECTED BY BLACK DASHED VERTICAL LINES. SAMPLES FOR WHICH NO 
LITERATURE VALUES WERE AVAILABLE, ARE DEPICTED AS HALF TRANSPARENT. THE 
UNCERTAINTIES ARE NOT INDICATED FOR CLARITY, BUT CAN BE FOUND IN TABLE 4-50 AND SEEN 
IN FIGURE 4-52.   
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FIGURE 4-54: 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊 VS. THE ESTIMATED FORMATION AGE FOR THE STUDIED IMPACT MELT 
ROCKS. THE DATA SHOWN ARE THE DATA OBTAINED IN THIS STUDY AS WELL AS THE TWO 
AVAILABLE LITERATURE VALUES TABLE 4-51. DATA POINTS BELONGING TO THE SAME SAMPLE 
ARE CONNECTED BY BLACK DASHED VERTICAL LINES. SYMBOLS ARE AS OUTLINED IN THE 
LEGEND, RESPECTIVELY IN AS IN Table 4-6. THE RHOMBS AROUND THE DATA POINTS INDICATE 
THE UNCERTAINTIES (2Ϭ STANDARD ERRORS FOR THE AGE AND THE 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊). RHOMBS DRAWN 
WITH SOLID LINES INDICATE SUSPECTED FORMATION AGES THAT ARE BASED ON 
40
AR/
39
AR 
PLATEAU AGES. RHOMBS DRAWN WITH SQUARE DOTTED LINES INDICATE SUSPECTED FORMATION 
AGES THAT ARE BASED ON 
40
AR/
39
AR MINIMUM AGES OR OTHER AGE ESTIMATES (TABLE 4-51). 
THE MINIMUM AGE OF 65075 IS FAR YOUNGER THAN THE SUSPECTED AGES OF ALL OTHER 
SAMPLES. FOR THIS SAMPLE, THE RANGE OF 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊 IS SHOWN WHICH IT WOULD EXHIBIT IF ITS 
ACTUAL AGE IS WITHIN THE HERE DEPICTED AGE RANGE. THE EVOLUTION OF THE 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊 OF 
VARIOUS LUNAR LITHOLOGIES THROUGH TIME ARE SHOWN AS DARK GRAY, FOR DETAILS SEE 
TEXT. THE SLOPE IN THE RHOMBS CAN BE USED TO ESTIMATE WHAT THE INITIAL VALUE OF THE 
SAMPLE WOULD BE, IF ONE ASSUMES A DIFFERENT FORMATION AGE THAN USED HERE. 
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TABLE 4-50: LIST OF INITIAL 
87
SR/
86
SR RATIOS (ISR), CALCULATED USING THE BEST AGE ESTIMATES 
AND THE DATA GIVEN IN TABLE 4-47. THE ISR IS CALCULATED USING THE DATA FROM THIS STUDY AS 
WELL AS USING PUBLISHED MATRIX AND/OR WHOLE ROCK DATA FOR THE SAME SAMPLE. THE 
UNCERTAINTIES REFLECT THE PROPAGATED 2Ϭ STANDARD ERROR AND REFER TO THE LAST SHOWN 
DIGIT.  THE ANALYSED SAMPLE SPLIT (IF POSSIBLE) IS LISTED AS WELL AS THE NAME OF THE RUN IN 
CASES OF MULTIPLE ANALYSES. FOR LITERATURE DATA THE TERMINOLOGY IS USED AS IN THE 
ORIGINAL PUBLICATION. MULTIPLE ANALYSES WITHIN THIS STUDY ARE ANNOTATED AS IN TABLE 4-47. 
ABBREVIATIONS: MIN – MINIMUIM AGE; GF – GRAY FRACTION; DGF – DARK GRAY FRACTION; LGF – 
LIGHT GRAY FRACTION.  
Sample Age [Ma] Split (Batch) ISr Source 
14310 3829 ± 15 
668 (B4) 0.70046 ± 5 This Study 
? 0.70065 ± 10 
Papanastassiou and 
Wasserburg (1971) 
133 0.70087 ± 23 Murthy et al. (1972) 
118 (A) 0.70102 ± 8 
Compston et al. (1972) 
118 (B) 0.70116 ± 8 
71 0.70061 ± 4 Tatsumoto et al. (1972) 
132 0.70046 ± 15 Mark et al. (1974) 
60315 3844 ± 18 (Min) 
224 (B2) 0.70066 ± 6 This Study 
3 0.70082 ± 11 Nyquist et al. (1973) 
60335 3877 ± 35 (Min) 
6 (B1) 0.69949 ± 3 This Study 
36 0.69991 ± 7 Barnes et al. (1973) 
77 0.69974 ± 9 Nyquist et al. (1974) 
60625 3820 ± 12 (Min) 29 (B3) 0.69980 ± 2 This Study 
61015 3932 ± 36 (Min) 192 (B3) 0.69983 ± 5 This Study 
61016 3633 ± 42 
123 (B1) 0.69973 ± 2 This Study 
143 0.69959 ± 9 Nyquist et al. (1973) 
61156 3950 ± 24 
55 (B2) 0.69910 ± 1 This Study 
2 0.69962 ± 6 Nyquist et al. (1973) 
10 0.69951 ± 8 Tera et al. (1974) 
62235 3865 ± 17 
60 (B1) 0.70096 ± 4 This Study 
4 0.70083 ± 11 Nyquist et al. (1973) 
58 0.70070 ± 10 Tera et al. (1974) 
62255 3883 ± 12 (Min) 
166 (B3) 0.69985 ± 2 This Study 
166 MG (B4) 0.69989 ± 2 This Study 
62295 3886 ± 25 
179 (B1) 0.70032 ± 4 This Study 
35 0.69976 ± 24 Mark et al. (1974) 
34 (I) 0.69981 ± 11 
Nyquist et al. (1973) 
34 (II) 0.69979 ± 8 
63355 3522 ± 49 (Min) 56 (B2) 0.70064 ± 8 This Study 
63549 3811 ± 23 
30 (B2) 0.69928 ± 1 This Study 
? 0.69924 ± 7 Reimold et al. (1985) 
64475 3888 ± 22 105 (B2) 0.69980 ± 3 This Study 
64476 3910 ± 26 
29 LM (B3) 0.69973 ± 3 This Study 
29 DM (B4) 0.69974 ± 3 This Study 
64536 3913 ± 13 42 (B3) 0.69981 ± 2 This Study 
64537 3802 ± 18 
22 (B1) 0.70028 ± 2 
This Study 
22 (B5) 0.69994 ± 3 
64815 3895 ± 17 
28 (B2) 0.70033 ± 4 This Study 
10 0.70038 ± 10 Nyquist et al. (1973) 
65015 3.909 ± 36 49 (B2) 0.70060 ± 8 This Study 
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? (A) 0.70056 ± 10 Papanastassiou and 
Wasserburg (1972b) ? (B) 0.70053 ± 12 
65055 3823 ± 33 
39 (B1) 0.69940 ± 2 This Study 
39 (B4) 0.69928 ± 2 This Study 
? 0.69931 ± 5 Reimold et al. (1985) 
65075 2291 ± 13 (Min) 19 (B3) 0.70342 ± 3 This Study 
66095 3676 ± 16 (Min) 
25 (B3) 0.70000 ± 2 This Study 
37 0.69923 ± 8 Nyquist et al. (1973) 
67095 3829 ± 54 (Min) 
115 (B1) 0.69960 ± 10 This Study 
115 (B4) 0.69996 ± 10 This Study 
67235 3890 ± 19 8 (B2) 0.69996 ± 3 This Study 
67935 3840 ± 20 (Min) 12 (B3) 0.69978 ± 3 This Study 
68415 3842 ± 117 (Min) 
211 (B3) 0.69925 ± 5 This Study 
? 0.69921 ± 9 
Papanastassiou and 
Wasserburg (1972a) 
2 0.69937 ± 8 Nyquist et al. (1973) 
? 0.69921 ± 8 Reimold et al. (1985) 
68416 3834 ± 43 (Min) 
118 (B3) 0.69924 ± 2 This Study 
? 0.69926 ± 7 
Reimold et al. (1985) from 
Wiesmann and Hubbard 
(1975) 
36 (1) 0.69932 ± 5 
Compston et al. (1977) 
36 (2) 0.69937 ± 5 
72215 3984 ± 17 (Min) 
212 (B4) 0.70006 ± 6 This Study 
54 gf 0.69992 ± 4 
Compston et al. (1975) 
104 gf 0.69989 ± 4 
104 dgf (A) 0.70142 ± 21 
104 dgf (B) 0.70108 ± 21 
72235 3984 ± 17 (Min) 247 (B4) 0.70000 ± 4 This Study 
72255 3984 ± 17 (Min) 
373 (B4) 0.69997 ± 3 This Study 
59 gf (A) 0.70042 ± 10 
Compston et al (1975) 
59 gf (B) 0.70035 ± 9 
59 lgf 0.70002 ± 7 
53 lgf (1) 0.69997 ± 7 
53 lgf (2) 0.69984 ± 4 
72275 3984 ± 17 (Min) 
70 (B4) 0.70006 ± 3 This Study 
52 0.69997 ± 6 Compston et al. (1975) 
73235 3920  ± 40 (Min) 
185 (B5) 0.69983 ± 6 This Study 
55 0. 70026 ± 9 Nyquist et al. (1974) 
50 0.69985 ± 8 Oberli et al. (1978) 
76055 3975  ± 70 (Min) 
88 (B2) 0.69977± 10 This Study 
5 0.70003 ± 10 Nyquist et al. (1974) 
6 0.69981 ± 11 Tera et al. (1974) 
76235 3896  ± 60 (Min) 
27 (B2) 0.69932 ± 1 
This Study 
27 (B5) 0.69934 ± 1 
4 0.69934 ± 7 Nyquist et al. (1974) 
77035 >3900 
248 M (B5) 0.70017 ± 21 
This Study 
249 C (B5) 0.69948 ± 11 
78155 4220 ± 40 (Min) 
151 (B5) 0.69920 ± 3 This Study 
2 0.69947 ± 6 Nyquist et al. (1974) 
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TABLE 4-51: LIST OF INITIAL 
143
ND
/144
ND (IND) AS WELL AS THE 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊, CALCULATED USING THE BEST 
AGE ESTIMATES AND THE DATA GIVEN IN TABLE 4-48. THE IND AND THE 𝛆𝟏𝟒𝟑𝐍𝐝,𝒊 ARE CALCULATED USING 
THE DATA FROM THIS STUDY AS WELL AS USING PUBLISHED MATRIX AND/OR WHOLE ROCK DATA FOR THE 
SAME SAMPLE. THE UNCERTAINTIES REFLECT THE PROPAGATED 2Ϭ STANDARD ERROR AND REFER TO 
THE LAST SHOWN DIGIT. THE ANALYSED SAMPLE SPLIT (IF POSSIBLE) IS LISTED AS WELL AS THE NAME 
OF THE BATCH. MULTIPLE ANALYSES WITHIN THIS STUDY ARE ANNOTATED AS IN TABLE 4-48. 
ABBREVIATIONS: MIN – MINIMUIM AGE. 
Sample Age [Ma] 
Split 
(Batch) 
INd 𝜖143ND,𝑖 Source 
14310 3829 ± 15 
668 (B4) 0.507557 ± 4 -1.8 ± 1 
This Study 
? (#MN) 0.507529 ± 8 -2.4 ± 2 
60315 3844 ± 18 (Min) 
224 (B2) 0.507518 ± 5 -2.2 ± 1 
This Study 
? (#MN) 0.507534 ± 7 -1.9 ± 1 
60335 3877 ± 35 (Min) 
6 (B1) 0.507479 ± 6 -2.1 ± 1 
This Study 
? (#MN) 0.507373 ± 5 -4.2 ± 1 
60625 3820 ± 12 (Min) 29 (B3) 0.507548 ± 5 -2.2 ± 1 This Study 
61015 3932 ± 36 (Min) 192 (B3) 0.507425 ± 4 -1.8 ± 1 This Study 
61016 3633 ± 42 123 (B1) 0.507736 ± 7 -3.4 ± 1 This Study 
61156 3950 ± 24 55 (B2) 0.507447 ± 7 -0.9 ± 1 This Study 
62235 3865 ± 17 
60 (B1) 0.507537 ± 4 -1.3 ± 1 
This Study 
? (#MN) 0.507551 ± 9 -1.0 ± 2 
62255 3883 ± 12 (Min) 
166 (B3) 0.507479 ± 4 -2.0 ± 1 This Study 
166 MG 
(B4) 
0.507484 ± 5 -1.9 ± 1 This Study 
62295 3886 ± 25 179 (B1) 0.507466 ± 4 -2.2 ± 1 This Study 
63355 3522 ± 49 (Min) 56 (B2) 0.507891 ± 4 -3.2 ± 1 This Study 
63549 3811 ± 23 30 (B2) 0.507581 ± 8 -1.8 ± 2 This Study 
64475 3888 ± 22 105 (B2) 0.507470 ± 4 -2.0 ± 1 This Study 
64476 3910 ± 26 
29 LM (B3) 0.507440 ± 5 -2.0 ± 1 This Study 
29 DM (B4) 0.507444 ± 5 -1.9 ± 1 This Study 
64536 3913 ± 13 42 (B3) 0.507443 ± 5 -1.9 ± 1 This Study 
64537 3802 ± 18 22 (B5) 0.507576 ± 4 -2.2 ± 1 This Study 
64815 3895 ± 17 28 (B2) 0.507494 ± 6 -1.4 ± 1 This Study 
65015 3.909 ± 36 
49 (B2) 0.507476 ± 4 -1.3 ± 1 This Study 
39 (B4) 0.507551 ± 23 0.1 n.a. Lugmair et al. (1978) 
65055 3823 ± 33 
39 (B4) 0.507558 ± 5 -2.0 ± 1 
This Study 
? (#MN) 0.507346 ± 53 -6.2 ± 10 
65075 2291 ± 13 (Min) 19 (B3) 0.509272 ± 4 -7.8 ± 1 This Study 
66095 3676 ± 16 (Min) 25 (B3) 0.507673 ± 5 -2.7 ± 1 This Study 
67095 3829 ± 54 (Min) 115 (B4) 0.507535 ± 6 -2.3 ± 1 This Study 
67235 3890 ± 19 8 (B2) 0.507483 ± 8 -1.7 ± 2 This Study 
67935 3840 ± 20 (Min) 12 (B3) 0.507526 ± 6 -2.2 ± 1 This Study 
68415 
3842 ± 117 
(Min) 
211 (B3) 0.507547 ± 5 -2.0 ± 1 
This Study 
? (#MN) 0.507538 ± 33 -2.2 ± 7 
68416 3834 ± 43 (Min) 118 (B4) 0.507567 ± 7 -1.5 ± 1 This Study 
72215 3984 ± 17 (Min) 212 (B4) 0.507364 ± 1 -1.6 ± 2 This Study 
72235 3984 ± 17 (Min) 247 (B4) 0.507369 ± 5 -1.5 ± 1 This Study 
72255 3984 ± 17 (Min) 373 (B4) 0.507361 ± 6 -1.7 ± 1 This Study 
72275 3984 ± 17 (Min) 
70 (B4-F1) 0.507365 ± 6 -1.6 ± 1 
This Study 
70 (B4-F2) 0.507367 ± 5 -1.5 ± 1 
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73235 3920  ± 40 (Min) 
185 (B5) 0.507437 ± 6 -1.8 ± 1 This Study 
27 (B5) 0.507461 ± 20 -1.37 n.a. Oberli et al. (1978) 
76055 3975  ± 70 (Min) 88 (B2) 0.507394 ± 7 -1.3 ± 1 This Study 
76235 3896  ± 60 (Min) 27 (B5) 0.507546 ± 6 -0.3 ± 1 This Study 
77035 >3900 
248 M (B5) 0.50747 ± 9 -1.7 ± 2 
This Study 
249 C (B5) 0.507465 ± 8 -1.8 ± 2 
78155 4220 ± 40 (Min) 151 (B5) 0.507117 ± 6 -0.3 ± 1 This Study 
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4.3.6.2. Comparison to lunar lithologies 
87Rb-87Sr and 147Sm-143Nd isotopic data of igneous lunar lithologies can be used 
to compare the isotopic compositions of impact melt rocks to those of likely 
target lithologies in the lunar crust. For comparison, data sets with both 87Rb-
87Sr and 147Sm-143Nd isotopic data on single splits are desirable. Such data sets 
were acquired for a ferroan noritic anorthosite (clast, 67016) by Alibert et al. 
(1994), an ITE rich ferroan anorthositic norite (clast, 67215) by Norman et al. 
(2003b), a Mg-suite norite (whole rock, 78238) by Edmunson et al. (2009), an 
Mg-suite norite (whole rock, 15445) by Shih et al. (1993), a KREEP basalt (clast 
from 72275) by Shih et al. (1992) and a noritic ferroan anorthosite (whole rock, 
62236) by Borg et al. (1999). While not a comprehensive list of all Rb-Sr and 
Sm-Nd data available for lunar pristine highland rocks, these examples provide 
representative data for key rock types thought to be important primary 
lithologies in the lunar crust. In Figure 4-52 and Figure 4-54, the evolution of 
87Sr/86Sr ratios and ϵ143Nd for these samples through time is shown. The 
evolution line of the KREEP basalt23 from Shih et al. (1992) in Figure 4-52 and 
Figure 4-54 ends at the crystallisation age (~4.08 Ga) determined by Shih et al. 
(1992). Not shown in both figures are the evolution lines of the noritic ferroan 
anorthosite from Borg et al. (1999). In Figure 4-52 this is done for clarity as the 
evolution line is close to the one of the ITE rich ferroan anorthositic norite from 
Norman et al. (2003b), while in Figure 4-54 the evolution line is mostly out of the 
used scale (at 3.45 Ga the ϵ143Nd is 0.83 and at 4.3 Ga it is 5.47). 
The ISr values of the impact melt rocks (Figure 4-52) cover the entire range of 
values represented by the igneous lunar lithologies at the estimated time of the 
formation of the impact melts. The Group 1M and 1F samples show even higher 
ISr than the KREEP basalt clast from Shih et al. (1992), but they have lower 
87Rb/86Sr ratios (0.1552 ± 0.0005 to 0.2033 ± 0.0001) than the KREEP basalt 
(0.2375 ± 0.0012; Shih et al., 1992). Sample 61156 has a very low ISr, 
comparable to the 87Sr/86Sr ratio of the ferroan noritic anorthosite from Alibert et 
                                            
23
 Please note: The KREEP basalt is used, as it is a KREEP sample for which Rb-Sr and Sm-Nd isotopic data 
exist, and it therefore could be used as an estimate for the KREEP isotopic composition. An eventual 
overlap in the initial Sr and Nd of the samples with the KREEP basalt composition does not imply that 
one of the target lithologies of the sample was a KREEP basalt, but that it came from a reservoir with a 
similar isotopic composition than the KREEP basalt did, i.e. most likely the KREEP reservoir. 
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al. (1994), the ITE rich ferroan anorthosite from Norman et al. (2003b) and the 
ferroan anorthosite from Borg et al. (1999) at the estimated time of the 
formation of 61156. However, sample 61156 has a higher 87Rb/86Sr ratio 
(0.02756 ± 0.00008) than those samples (0.007274, Alibert et al. (1994); 
0.01676 ± 0.00008, Norman et al. (2003b); 0.01959 ± 0.00001, Borg et al. 
(1999)).  
Unlike in the case of the ISr values, the  ϵ143ND,𝑖 values of the impact melts cover 
only a part of the range of ϵ143ND values represented by the igneous lunar 
lithologies at the estimated time of the formation of the impact melts (Figure 
4-54). Additionally, all studied samples (including the feldspathic granulitic 
impactites and the clast from 77035) exhibit a restricted range of 147Sm/143Nd 
ratios (0.16658 ± 0.00005 to 0.17615 ± 0.00007), compared to the range of 
ratios in the igneous lithologies (0.15548 ± 0.00025 to 0.21074 ± 0.00021).  
 
4.3.7. Neutron capture effects 
Neutron flux effects on the lunar surface can affect the abundance of some Sm 
and Nd isotopes. The 149Sm/152Sm ratio, which is used for the instrumental 
fractionation correction of mass spectrometry data, can be affected by the 
production of 152Sm from neutron capture on 151Eu. This creates 152Eu, which 
subsequently decays to 152Sm (Lingenfelter et al., 1972). However, this effect is 
mainly a concern for samples with high Eu/Sm (>> 1) ratios, e.g. ferroan 
anorthosites (Borg et al., 1999). It should therefore be negligible for the samples 
studied here, which generally have a low Eu/Sm ratio (≤ 1). Furthermore, this 
effect is about one order of magnitude smaller than the neutron capture effect 
on 149Sm (Lingenfelter et al., 1972), which will be discussed in the next 
paragraph. 
Neutron capture on 149Sm (forming 150Sm) is the most significant concern, due 
to the large thermal neutron capture cross section of 149Sm (40100 barns; Lide, 
2010). On the lunar surface this effect is the strongest at a depth corresponding 
to a coverage of ~100-200 g of regolith material per cm2 (Lingenfelter et al., 
1972), with a maximum of ~0.003 neutron captures per 149Sm  atom per billion 
years (Lingenfelter et al., 1972). With a lunar regolith density of ~1.66 g cm-3 
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(estimate for regolith density within the first 60 cm below the surface; Heiken et 
al., 1991) the coverage translates to a depth of ~60-120 cm. The penetration 
depth of cosmic rays is about 1 m, and if a sample is buried not deeper than this 
depth it will record an Ar exposure age (Levine et al., 2007). As the depth at 
which Ar exposure ages are recorded (~0-1 m) is similar to the depth at which 
the neutron capture effects are the strongest (0.6-1.2 m) the Ar exposure ages 
might allow an estimate of how strongly 149Sm might have been affected by 
neutron capture.  
The following examples explore the expected “worst case” for effects of neutron 
capture on measured Sm and Nd isotopic compositions in two samples using 
the Ar exposure ages of these samples. The longest Ar exposure ages of the 
samples studied here are about 347 My and 490 My respectively (samples 
14310 and 65015; Table 4-52). At the maximal neutron capture rate per atom 
per aeon (0.003), this would mean that about 0.11% (14310) and 0.15% 
(65015) of 149Sm isotopes would have been affected by neutron capture. Table 
4-52 lists the effect these changes in 149Sm isotopes would have on the 
149Sm/152Sm ratio (used for fractionation correction) and the effects this would 
then have on the calculated 147Sm concentrations, the 147Sm/144Nd ratio, the 
initial 143Nd/144Nd ratio and the 𝜖143ND,𝑖 of these samples.  
To test the assumption that Ar exposure ages can be used to estimate the 
neutron capture effect, Sm isotopic compositions of unspiked samples including 
the 149Sm/152Sm ratio of fractions of sample 14310 and 65015 with the longest 
exposure ages, as well as of two samples with short exposure ages (62255 and 
64475) were measured. The difference in the fractionated corrected 
149Sm/152Sm ratio (corrected using the 147Sm/152Sm ratio, which is not affected 
by neutron capture) compared to the normal 149Sm/152Sm ratio is about twice as 
large for sample 14310 and 2.5 times as large for sample 65015 compared to 
the respective difference calculated using the exposure ages (Table 4-52). This 
indicates that the exposure of these samples near the surface was longer than 
recorded by the Ar exposure ages. This could for example be due to burial at 
about 1 to 1.20 m depth for some time, where the cosmogenic Ar components 
did not (or only partly) penetrate, but the neutron capture effects are still strong. 
Also listed in Table 4-52 is sample 62295 for which the neutron capture effect 
was calculated using the 149Sm/152Sm ratio measured by Albalat et al. (2015). 
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The effect on this sample is similar to that measured here for sample 65015. In 
both cases the change in the calculated initial 143Nd/144Nd ratio is about - 
0.00005. In the cases of the samples with young Ar exposure ages (62255 and 
64475) there is no measureable neutron capture effect on the 149Sm/152Sm 
ratio, and thus no effect on the calculated initial 143Nd/144Nd ratio. 
 
FIGURE 4-55: MEASURED 
150
SM/
152
SM RATIO VS. THE 
149
SM/
152
SM RATIO IN UNSPIKED 
FRACTIONS OF FOUR OF THE STUDIED IMPACT MELT ROCKS (14310, 62255, 64475, 65015), AS 
WELL AS MEASURED RATIOS OF EXPERIMENTALLY IRRADIATED STANDARDS FROM HIDAKA ET AL. 
(1995), OF LUNAR BASALTS FROM NYQUIST ET AL. (1995) AND FROM TWO FRACTIONS OF 
SAMPLE 62236 FROM BORG ET AL. (1999). THE SHOWN LINEAR TREND IS THE LINEAR TREND 
DEFINED BY THE FOUR IMPACT MELT ROCKS FROM THIS STUDY. DIFFERENT SYMBOL SIZES ARE 
FOR CLARITY ONLY. 
 
In a 150Sm/152Sm-149Sm/152Sm plot (Figure 4-55) the four unspiked samples with 
complete Sm isotopic compositions measured for this study define a linear trend 
that indicates that those samples are only affected by the neutron capture effect 
on 149Sm, and not the neutron capture effect on 151Eu. The latter effect would 
lower the 150Sm/152Sm and 149Sm/152Sm ratios, as shown by the anorthosite 
62236 from Borg et al. (1999). 
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Overall, Ar exposure ages seem to be a good indicator for whether a sample 
was affected by neutron capture effects. However, based on the measurement 
of Sm isotopic variations, the magnitude of the neutron capture effect 
propagated onto the calculated initial 143Nd/144Nd ratios was found to be larger 
(up to 2.5 times) than expected based on Ar exposure ages in samples with Ar 
exposure ages of several hundred million years. No effect could be measured 
for samples with exposure ages of only a few million years. As most of the 
samples studied here exhibit short Ar exposure (<< 100 My, TABLE 4-46), they 
likely are affected by neutron capture effects within measurement uncertainties. 
In the few cases of samples with exposure ages of several million years the 
effect on the calculated initial 143Nd/144Nd ratio can however be substantial (up 
to 1 epsilon unit; samples 62295 and 65015, Table 4-52). 
Other neutron capture effects can also influence the measured 143Nd/144Nd 
ratio. For example neutron capture on 143Nd can form 144Nd (Borg et al., 1999). 
However, the neutron capture rate of 143Nd is only about 1/124th of the capture 
rate of 149Sm (Nyquist et al., 1995). This effect shifts the calculated initial 
143Nd/144Nd ratio towards higher values, while the effect on 149Sm discussed 
above shifts the ratio towards lower values. Consequently, the neutron capture 
effect on 143Nd “weakens” the effect of 149Sm on the initial 143Nd/144Nd ratio, 
making the estimates in Table 4-52 maxima.  
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TABLE 4-52: RESULTS OF NEUTRON FLUX EFFECT MEASUREMENTS AND CALCULATIONS FOR 
SAMPLES 14310, 62255, 64475 AND 65015. THE “NORMAL” 
149
SM/
152
SM RATIO IS THE RATIO 
ASSUMED IN THE DATA REDUCTION FOR FRACTIONATION CORRECTIONS OF THE SM ISOTOPIC DATA, 
THE “EXPOSURE” RATIO IS THE RATIO CALCULATED WITH THE OLDEST KNOW AR EXPOSURE AGE OF 
THE SAMPLE (SEE TABLE 4-45), AND THE “MEASURED” RATIO IS THE RATIO MEASURED USING AN 
UNSPIKED SM FRACTION OF THE SAMPLE. THE CONCENTRATION OF 
147
SM, THE 
147
SM/
144
ND RATIO, 
THE INITIAL 
143
ND/
144
ND RATIO AND THE 𝝐𝟏𝟒𝟑𝐍𝐝,𝒊 OF THE FOUR SAMPLES WERE CALCULATED USING 
THE THREE DIFFERENT 
149
SM/
152
SM RATIOS. ALSO SHOWN ARE THE CORRECTED VALUES FOR 
SAMPLE 62295, BASED ON THE MEASURED 
149
SM/
152
SM  RATIO FROM ALBALAT ET AL. (2015). 
Sample 14310 62255 64475 65015 62295 
Oldest Ar exposure age [My] 347 3 2 490 310 
149
Sm/
152
Sm 
Normal 0.516848 
Exposure 0.5163 n.a. n.a. 0.5161 n.a. 
Measured 0.515650 ± 2 0.516871 ± 2 0.516876 ± 4 0.514550 ± 2 ~ 0.5144 
147
Sm 
[nmol/g] 
Normal 25.2172 ± 7 13.4702 ± 5 11.0573 ± 2 22.4945 ± 6 10.8859 ± 3 
Exposure 25.2980 ± 7 n.a. n.a. 22.5805 ± 6 n.a. 
Measured 25.3881 ± 7 13.4688 ± 5 11.0558 ± 2 22.7510 ± 6 11.0251 ± 3 
147
Sm/
144
Nd 
Normal 0.16802 ± 1 0.16917 ± 1 0.16922 ± 1 0.16693 ± 1 0.17140 ± 1 
Exposure 0.16856 ± 1 n.a. n.a. 0.16757 ± 1 n.a. 
Measured 0.16916 ± 1 0.16916 ± 1 0.16920 ± 1 0.16884 ± 1 0.17360 ± 1 
initial 
143
Nd/
144
Nd 
Normal 0.507557 ± 4 0.507479 ± 4 0.507470 ± 4 0.507476 ± 4 0.507466 ± 4 
Exposure 0.507544 ± 4 n.a. n.a. 0.507460 ± 5 n.a. 
Measured 0.507529 ± 4 0.507479 ± 4 0.507470 ± 4 0.507427 ± 5 0.507409 ± 5 
ϵ143ND,I 
Normal -1.8 ± 1 -2.0 ± 1 -2.0 ± 1 -1.3 ± 1 -2.2 ± 1 
Exposure -2.1 ± 1 n.a. n.a. -1.7 ± 1 n.a. 
Measured -2.4 ± 1 -2.0 ± 1 -2.0 ± 1 -2.3 ± 1 -3.3 ± 1 
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5. Discussion 
 
The aim of this discussion is to consider how many and what size of impact 
events are represented by the studied lunar sample suite, and the implications 
this has on the concept of the “lunar cataclysm”. Furthermore, the possibility will 
be investigated that chemical differences in certain compositional groups of 
impact melt rocks could be the result of fractional crystallisation of an impact 
melt sheet. For these purposes the discussion is divided into four parts. 
Section 5.1 discusses the occurrence as well as the petrographic and 
geochemical characteristics of impact melt deposits formed by cratering events 
of different sizes. These characteristics are used to infer the relative sizes of 
events (i.e., craters vs. basins) that are represented in the studied impact melt 
rocks, and which melt rocks might be cogenetic. 
Section 5.2 discusses reliability of the 40Ar/39Ar age data to record the melt-
forming event of a sample by discussing possible disturbances and to what 
extent they affect the studied sample suite.  
Section 5.3 combines the conclusions drawn in section 5.1 and 5.2 as well as 
high siderophile element impactor signatures to further constrain cogenetic 
relationships between studied samples, and to set them into relation to the 
impactor flux during the late heavy bombardment.  
Section 5.4 inspects two cases in which chemical differences within 
compositional groups of impact melt rocks might be the result of fractional 
crystallisation of an impact melt sheet. 
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5.1. Characteristics of lunar impact melt deposits and the nature of the 
studied impact melt rocks 
This chapter discusses petrologic and geochemical characteristics of impact 
melt deposits and possible implications for their source craters and cogenetic 
relationships of the suite of lunar impact melt rocks studied here.  
Section 5.1.1 introduces some core concepts about the cratering process and 
discusses where impact melt deposits are found in relation to the source crater. 
Section 5.1.2 discusses the chemical and petrographic characteristics of impact 
melt deposits that are deposited in the interiors of their source crater. 
Section 5.1.3 discusses the differences between interior and exterior impact 
melt deposits and tries to assess which of the studied samples belongs to which 
facies of these deposits. 
Section 5.1.4 discusses the nature and distribution of basin-scale impact melt 
deposits on the Moon. 
Section 5.1.5 discusses textural variations within an impact melt deposit and 
how they can be used to assess cogenetic relationships between the studied 
melt rocks.  
Section 5.1.6 discusses the characteristics expected to be found in melt rocks 
from craters in the lunar highlands, and which of the studied Apollo 16 samples 
are likely to originate from such craters. 
Section 5.1.7 discusses which impact basins likely distributed material to the 
Apollo 14, 16 and 17 landing sites, and which of the studied melt rocks could 
reflect primary ejecta deposits of these basins. 
Section 5.1.8 discusses the likelihood of finding impact melt rocks from craters 
vs. basins at particular landing sites, and compares this to the conclusions on 
the nature of the studied melt rocks made in sections 5.1.6 to 5.1.7. 
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5.1.1. The cratering process and the distribution of melt deposits 
The physical process of impact crater formation can be roughly divided into 
three stages: The contact/compression stage, the excavation stage, and the 
modification stage. The following short descriptions of these stages are based 
on French (Chapter 3; 1998).  
The contact/compression stage lasts a few seconds. It starts when the impactor 
makes contact with the target. The impactor penetrates into the target (about 1 
to 2 times its own diameter) and a shockwave is sent through the target, as well 
as the impactor. This results in the target and the impactor being compressed. 
The compression of the impactor is unloaded by a release wave passing 
through the impactor, which results in virtually complete melting and 
vaporisation of the impactor. When this release wave has passed through the 
whole of the impactor the compression stage ends. While the compression 
stage grades into the excavation stage, parts of the target lithologies closest to 
the impactor can be melted by the shock-induced energy, more distant 
lithologies will experience shock metamorphism and even further away from the 
point of impact the target rock will be fractured and brecciated. The excavation 
stage, happening on the order of minutes, describes the timeframe from when 
the crater starts to open, until the crater reaches its maximum size. This so-
called transient crater forms due to the material flow induced into the target by 
the impact (FIGURE 5-1). Materials from the upper zone of the transient crater 
are ejected beyond the crater rim and deposited as ballistic ejecta, while 
materials in the lower zone are displaced within the confinements of the 
transient crater. Once the transient crater reaches its maximum size, the 
excavation stage is over and the modification stage begins. In this stage the 
crater is filled with fall back ejecta (i.e. material that was ejected – mostly 
upwards – from the transient crater, but not beyond the crater rim). Other 
alterations of the crater during the modification stage depend on the crater size. 
In small, so called “simple craters” the main modification is the collapse of the 
upper crater walls; in bigger, so called “complex craters” an uplift of the central 
crater floor will occur as well as peripheral collapses around the rim (FIGURE 
5-1). The largest structures (on the Moon: diameter > 400-600 km) form so-
called “multiring basins”, bulls-eye structures of multiple concentric uplifted rings 
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and intervening down-faulted valleys. These structures have no well-preserved 
terrestrial analogue and models of their formation can therefore not be tested 
with ground-truth studies. Simply extrapolating from the processes creating 
smaller impact craters is also not sufficient as “the postimpact movements - 
upward, downward, and inward - of the target rock that modify the transient 
crater are far more complex and widespread than in smaller structures” (French, 
1998). 
The zone of impact melting overlaps mainly with the lower but also with the 
upper zone of the transient crater (FIGURE 5-1). Therefore, impact melt will be 
present in the ejected materials, but most of it will be deposited as (internally) 
displaced material. Based on their final geological setting (in relation to the 
crater) impact melt deposits can roughly be classified into three different kinds: 
(1) The melt – in larger craters the melt sheet – within a crater (from here on 
referred to as interior melt deposit or sheet), (2) impact melt emplaced as minor 
flows during the formation of the transient cavity (i.e. early on in the cratering 
process) and (3) impact melt flows emplaced outside of the final crater rim 
during the late-stage modification stage of the crater (Osinski et al., 2011, and 
references therein). The latter two are both exterior melt deposits.  
The distribution of interior and exterior impact melt deposits of multiring basins 
has to be inferred from extrapolation from smaller craters and remote sensing 
studies. Observations from terrestrial craters and modelling of impact processes 
show that larger impacts produce absolutely and relatively more melt then 
smaller craters (Cintala and Grieve, 1998, and references therein). However, 
the melt remains mainly within the constraints of the final crater (Cintala and 
Grieve, 1998), and is therefore unlikely to be present at landing sites distant 
from the centre of basin scale impacts, unless they were emplaced there by a 
later event (Korotev, 1994). Nevertheless, material emplaced as distal ejecta by 
nearside basin impacts should be present at the Apollo 14, 16 and 17 landing 
sites (Jolliff et al., 2006, and references therein). For example, ejecta facies 
interpreted as melt-rich have been mapped around the Orientale lunar multi-ring 
basin (Morse et al., 2018). Exterior impact melt deposits that were emplaced as 
basin ejecta may, therefore, be present at the Apollo landing sites. The exact 
fraction of the ejecta that is melt will depend on several impact parameters, but 
in general the volume of melt will increase with impact size (Warren et al., 
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1996). Howard and Wilshire (1973) found that impact melt from 50-200 km 
diameter craters can be found a half to a full crater radius beyond the slumped 
crater and speculated that this could be similar for basin scale impacts. 
However, they could not find evidence for pooled impact melt at the respective 
distances in the Imbrium and Orientale ejecta blankets, which led them to 
conclude that the impact melt might be dispersed and mixed with colder 
material. On the other hand, more recent mapping efforts (Ghent et al., 2008; 
Morse et al., 2018) identified melt-rich ejecta of the Orientale basin (diameter = 
930 km) as far as 2700 km from the basin centre, which corresponds to a 
distance of 4.8 crater radii from the outer crater ring. 
In the following section the chemical and petrographic characteristics of 
different impact melt deposits are summarised and used to place the studied 
impact melt rocks into their likely geological setting relative to their parent crater 
or basin. In this discussion, the term ‘crater’ is used to refer to structures <300 
km in diameter while the term ‘basin’ refers to structures, usually multi-ring, that 
are ≥300 km in diameter. 
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FIGURE 5-1: MODEL OF CRATER FORMATION FOR SIMPLE (LEFT) AND COMPLEX 
(RIGHT) CRATERS (FIGURE FROM OSINSKI ET AL., 2011). FOR DETAILS SEE TEXT.  
Picture has been removed for open access version of the 
thesis, to not infringe on copyrights 
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5.1.2. Interior impact melt deposits 
There have been no in-situ geological or geochemical studies of impact melt 
sheets of lunar craters. Alongside remote sensing studies, most inferences 
about the detailed geochemical and petrological characteristics of lunar impact 
melt deposits rely therefore on terrestrial analogues. Much of the melt produced 
in an impact event remains within the final crater (between ~20 – 80%; Cintala 
and Grieve, 1998). Larger craters generally produce more melt in absolute 
terms, but also retain more of the produced melt in relative terms within the 
crater (Cintala and Grieve, 1998). Thus, craters of a sufficient size will contain 
enough impact melt to form melt pools and/or even melt sheets covering the 
crater floor, while smaller craters do not contain coherent interior impact melt 
deposits. This crater-size dependency of the formation of impact melt deposits 
(Hawke and Head, 1977a) is the result of “melt production growing faster than 
crater size as impact magnitude increases” (Cintala and Grieve, 1998). With the 
exception of special pre-impact target characteristics and topographies, the 
transition from a lunar impact crater with small or no interior melt deposits to a 
crater with extensive interior melt deposits occurs in the final crater rim diameter 
range of 10-30 km (Hawke and Head, 1977a). For example, Cintala and Grieve 
(1998) found little morphological evidence of melt deposits in and around lunar 
craters with diameters (D) of ~10 km (i.e. simple crater). In contrast, craters with 
diameters of ~25 km showed a transition to more complex structures with 
central peaks (i.e. complex craters) and deposits interpreted as pools and 
sheets of impact melt perched on interior terraces and ponded on the floor of 
the crater. Larger craters such as Tycho (diameter ~85 km) typically have a 
“highly developed and morphologically complex interior melt sheet” (Cintala and 
Grieve, 1998). More recent remote sensing studies also suggest that ponded 
impact melt deposits could be more common in smaller craters (600 m to 5 km 
radius) than previously expected (Stopar et al., 2014), and can (rarely) occur in 
craters as small as 170 m in diameter in the case of vertical impacts (Plescia 
and Cintala, 2012). 
Terrestrial impact melt sheets are generally homogeneous (chemically and 
isotopically) compared to the range observed in the target lithologies (e.g. 
Reimold et al., 1990). Interior melt sheets are typically considered to have been 
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homogenised “to a scale of cubic millimetres from scales that originally varied 
by kilometres”, and this happens “within tens of seconds to a couple of minutes 
after impact, depending on the size of the crater” (Phinney and Simonds, 1977). 
Although, the bulk of the created impact melt in terrestrial impact structures is 
homogenised, compositional differences can be observed due to “incomplete 
mixing, terrestrial alteration processes, and clast incorporation along the margin 
of a flowing melt” (Korotev, 1994, and references therein). For example, 
Dhingra et al. (2013) identified a 30 km x 0.5-5 km mineralogical heterogeneity 
in the interior impact melt sheet of the lunar Copernicus crater (diameter of 96 
km), which they interpreted to be the result of inefficient melt mixing during 
crater formation. Thus, the homogeneity that is generally observed in interior 
impact melt deposits might not always be present when craters reach a certain 
size.  
Furthermore, in sufficiently large melt sheets, the composition of the melt can 
be affected by igneous processes such as fractional crystallisation. While small-
scale fractionation can produce compositional variation at the millimetre scale, 
such as observed in the 300-400 m thick Manicouagan melt sheet (Floran et al., 
1978), it can also create compositional heterogeneity on the scale of tens to 
hundredths of meters, as observed in the 2.5-3.0 km thick Sudbury melt sheet 
(Therriault et al., 2002, and references therein). Melt sheet thickness appears to 
be crucial for providing the conditions that allow fractional crystallisation to 
occur, as illustrated by the aforementioned Manicouagan melt sheet. In most 
parts the Manicouagan melt sheet is about 300-400 m thick and shows quite 
homogeneous compositions and only small effects of fractionation. However, 
O`Connell-Cooper and Spray (2011) found that the melt sheet is much thicker in 
a central part of the crater where a graben was formed during the modification 
stage of the crater formation. In this area the clast-free to clast-poor part of the 
melt sheet is about 1 km thick and is differentiated into three chemically, 
mineralogically and texturally different units, which are each several hundred 
meters thick (Figure 5-2). (Lamb, 1895) 
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On the Moon, a melt sheet of 300-400 m thickness24 (i.e. similar to the main 
phase of the Manicouagan central sheet) is expected to form in a crater with a 
final diameter of ~60-75 km, while a melt sheet of 2.5-3.0 km thickness is 
expected for a final crater rim diameter of ~260 km (Warren et al., 1996). Thus, 
if the Manicouagan analogue is directly applicable to lunar impact melt sheets, 
some effects of fractional crystallisation in the central melt sheet might be 
expected within craters of ~60-75 km in diameter, and to have a profound effect 
in craters ~260 km in diameter (which would produce a melt sheet similar in 
thickness to Sudbury). However, gravity fractionation, initiated either by crystal 
settling or flotation, or total pressure differences within the melt sheet (Floran et 
al., 1978) are needed to achieve the transition from a locally (i.e. on the 
millimetre scale) fractionated impact melt to a differentiated melt sheet with 
units hundreds of meters in depth. Due to the lower lunar gravity, the settling of 
crystals might take longer in lunar melt sheets than in terrestrial ones25. 
Therefore, differentiation of a melt sheet on the Moon might require a larger 
melt body, as it would cool slower and thus provide enough time for the settling 
of crystals to take place. Differentiation of lunar impact melt sheets may also be 
hampered (compared to the differentiation within terrestrial melt sheets of the 
same size) by the incorporation of larger amounts of clasts as well as the 
comparatively higher density26 and lower viscosity of impact melts with lunar 
crustal composition (Warren et al., 1996). However, even impact melt deposits 
in relatively small lunar craters like Giordano Bruno (diameter ~22 km) might 
have stayed molten days to weeks (Bray et al., 2010). Therefore, larger impact 
melt bodies might potentially stay molten long enough to allow some sort of 
differentiation. Modelling of igneous melt sheet processes suggests that at least 
                                            
24
 The thickness refers to an idealised melt sheet – which assumes that the melt sheet contains 100% of 
all created melt and is pooled into a shallow cylinder. For details, see Warren et al. (1996). 
25
 For example, a forsterite (density = 3275 kg/m
3
) sphere (radius = 1 mm) falling in a melt (density = 
2660 kg/m
3
, viscosity = 0.83 kg/(m*s); properties calculated with pMELTS for a melt of the composition 
of sample 63549 from this study) will reach a terminal velocity of 1.6 mm/s in a terrestrial setting (g = 
9.81 m/s
2
) and 0.3 mm/s in a lunar setting (g = 1.63 m/s
2
). Calculated using equation “xvi” from p. 533 in 
Lamb (1895). 
26
 The density estimates of lunar basin melts from Warren et al. (1996) are 2.72-2.73 g/cm
3
 compared to 
2.44-2.69 g/cm
3
 for terrestrial analogues. Most minerals have a higher density, thus the density 
difference between the minerals and a lunar melt is smaller compared to a terrestrial melts, and thus 
crystal settling will be slower. The exception would be low density minerals such as feldspars, whose 
density is comparable to these calculated for the lunar melts. Thus, if the density of a lunar impact melt 
would be slightly higher than calculated by Warren et al. (1996), the higher density of lunar impact melts 
might enable fractionation of these minerals by floatation. This possibility is discussed in more detail in 
section 5.4. 
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the melt sheets in the largest lunar basins had the potential to differentiate 
(Hurwitz and Kring, 2014; Norman et al., 2016; Vaughan and Head, 2013; 
Vaughan et al., 2013).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2: CROSS SECTION OF THE 
GRABEN STRUCTURE IN THE CENTRE OF 
THE MANICOUAGAN MELT SHEET 
(MODIFIED VERSION OF FIGURE 2 FROM 
O`CONNELL-COOPER AND SPRAY, 
2011). CHEMICAL, MINERALOGICAL AND 
TEXTURAL VARIATIONS BETWEEN THE 
UPPER, MIDDLE AND LOWER ZONE ARE 
BELIEVED TO BE THE RESULT OF MELT 
SHEET DIFFERENTIATION. SCALE IN 
METERS. 
  
Picture has been removed for open 
access version of the thesis, to not 
infringe on copyrights 
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5.1.3. Differences between interior and exterior impact melt 
deposits 
According to Osinski et al. (2011) exterior impact melts, i.e. impact melt 
deposits found outside of the final crater rim, can be emplaced in two ways. 
During the late excavation and early modification stage of the cratering process, 
minor amounts of impact melt can be excavated from the crater, due to the 
upwards and outwards motion of materials caused by the impact itself. In 
complex craters the modification stage, especially the formation of the central 
uplift, adds more outward momentum to the impact melt within the crater, 
leading to the generation of large-scale impact melt-rich deposits. Like the 
interior melt deposits, exterior impact melt deposits of terrestrial craters are 
chemically homogenous (Grieve et al., 1977, and references therein). Thus the 
arguments for compositional and textural features of interior melt deposits 
should generally be applicable to exterior melt deposits. For example, an 
interior melt sheet and an exterior melt flow of the same crater can be expected 
to have an impact melt component with the same composition, if not affected by 
clast incorporation and/or igneous melt sheet processes. But they can show 
different textures due to different cooling histories, which can result from the 
differences in volume and/or shape between the interior and exterior impact 
melt deposits. Textural variations in impact melt deposits will be discussed in 
detail in section 5.1.5.  
Additionally to different textural characteristics, exterior impact melt deposits 
can show different clast contents compared to interior impact melt deposits. 
While the clast content in an interior impact melt deposit increases with depth, 
there can be clast-poor or even clast-free areas in the top of the deposit 
(Osinski et al., 2008). Such clast-poor to clast-free impact melt rocks from the 
upper parts of interior impact melt deposits might be more abundant in the lunar 
sample suite compared to the clast richer impact melt rocks from the lower parts 
of interior impact melt deposits, due to the nature of the sampling by small-scale 
craters27. The clasts themselves can be expected to stem from the displaced 
zone of the crater (FIGURE 5-1), but can also stem from a zone within the crater 
                                            
27
 Small-scale craters that excavate material from an older interior melt deposit will either not penetrate 
into the lower parts of this deposit or will, if they penetrate into the lower parts, excavate more material 
from the upper than the lower parts. For more details see section 5.1.5. 
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that was initially separated from the melt zone (Phinney and Simonds, 1977), 
i.e. the outer zone of the crater. Fragments from the outer areas within the 
crater (i.e. further away from the point of impact) will have lower velocities and 
will therefore be overtaken and incorporated by the faster moving melt (Phinney 
and Simonds, 1977). As the melt flows on top of the displaced zone (FIGURE 
5-1) the entrained clasts can also be expected to come from the top of the 
displaced zone, i.e. represent materials from shallower depths, while the melt 
provides an average composition over the whole depth of the melting zone. 
Exterior impact melt deposits will be emplaced as part of ejecta that also 
contains unmelted components, and will therefore generally be richer in clasts 
than interior deposits, often so clast-rich as to form melt-bearing suevitic 
breccias (Osinski et al., 2008). The effects of clast content and position of an 
impact melt on the cooling rate of the melt (discussed in this and the prior 
section) are summarised in a schematic illustration in FIGURE 5-3. 
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FIGURE 5-3: SCHEMATIC ILLUSTRATION OF THE CLAST CONTENT AND RELATIVE COOLING RATE OF 
CRYSTALLINE IMPACT MELT ROCKS FROM MELT DEPOSITS OF A SINGLE CRATER/BASIN BIG ENOUGH 
TO FORM AN INTERIOR MELT SHEET. THE UPPER PART OF THE MELT SHEET IS GENERALLY CLAST 
POORER THAN THE LOWER PART (O`CONNELL-COOPER AND SPRAY, 2011; OSINSKI ET AL., 2008). 
IF THE INTERIOR MELT SHEET BEHAVES LIKE A LAVA LAKE, THE VERY TOP OF THE INTERIOR MELT 
BODY WILL FORM A STABLE CRUST WELL BEFORE THE MEAN TEMPERATURE OF THE BODY 
APPROACHES THE SOLIDUS (VAUGHAN ET AL., 2013). IN THIS CASE THE VERY TOP LAYER SHOULD 
BE CHARACTERISED BY A FAST COOLING HISTORY. THE MAJORITY OF THE INTERIOR OF THE MELT 
SHEET (BELOW THE FAST COOLING TOP) COOLS RELATIVELY SLOW, AND IN BIG ENOUGH IMPACT 
MELT BODIES DIFFERENTIATES (O`CONNELL-COOPER AND SPRAY, 2011; THERRIAULT ET AL., 
2002). THE BOTTOM AND RIM OF THE MELT ZONE, WHICH ARE NEXT TO THE CONTACT BETWEEN 
THE MOLTEN AND UNMOLTEN ZONE OF THE CRATER, COOL FASTER AS THEY INCORPORATE A 
LARGER AMOUNT OF “COLD” CLASTS, WHICH RESULTS IN SMALLER GRAIN SIZES OF THE 
CRYSTALLISING MELT (O`CONNELL-COOPER AND SPRAY, 2011). THE AMOUNT OF EXTERIOR MELT 
BELONGING TO A CRATER IS SMALLER THAN THE AMOUNT OF MELT REMAINING WITHIN THE CRATER. 
FURTHERMORE THE EXTERIOR MELT VOLUME IS DISPERSED. THUS, DUE TO THE RELATIVELY SMALL 
VOLUME, EXTERIOR MELT DEPOSITS SHOULD ALWAYS BE COOLED FASTER THAN THE INTERIOR OF 
THE MELT SHEET IN THE SOURCING CRATER. ADDITIONALLY, EXTERIOR MELT DEPOSITS GENERALLY 
INCORPORATE LARGE AMOUNTS OF CLASTS, EITHER UNMOLTEN MATERIAL EJECTED ALONGSIDE 
THE MELT AND/OR LOCAL MATERIALS DURING EMPLACEMENT OF THE EXTERIOR MELT. OVERALL, 
EXTERIOR IMPACT MELT ROCKS SHOULD THEREFORE BE CLAST RICHER AND FASTER COOLED THAN 
THE INTERIOR OF THE MELT SHEET IN THE SOURCING CRATER.  
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5.1.4. Impact melts of basin-scale events 
The discussion of impact melt deposits in sections 5.1.2 and 5.1.3 is based on 
comparison with simple and complex terrestrial and lunar craters, and therefore 
does not directly address basin-scale impact structures and deposits, which are 
dominant features on the lunar surface. Unlike for small and complex craters, 
characteristics and distribution of impact melts created in basin impacts cannot 
be studied on terrestrial impacts, as “no terrestrial impact structure compares in 
size with lunar basins” (Korotev, 1994).  
The actual compositional variability of basin melt deposits on the Moon is 
unknown because the distribution of impact melts created during basin impacts 
can only be estimated by using models of impact events (e.g. Warren et al., 
1996), extrapolating from the known distributions of impact melts in and around 
smaller craters (e.g. Cintala and Grieve, 1998; Howard and Wilshire, 1973) and 
photogeologic or remote sensing observations of the lunar basin structures, 
especially the well preserved Orientale basin (Ghent et al., 2008; Morse et al., 
2018). It is possible that impact melts of basin-scale events may exhibit a much 
wider range of chemical and petrographic characteristics than melts produced 
by smaller impacts, as the compositional homogenisation of the impact melt 
during small and complex cratering processes (sections 5.1.2 and 5.1.3) may 
not necessarily apply to a basin-scale impact event, whose formation is less 
well understood (see section 5.1.1). For example, Haskin et al. (1998) argue 
that all of the mafic Th-rich impact melt breccias from the Apollo 14, 15, 16 and 
17 landing sites, which form the majority of the samples studied here (Apollo 16: 
group 1 and 2 but excluding subgroup 2F; Apollo 17: group A, O and P), could 
have been formed by the Imbrium event, and that compositional differences 
between these samples reflect source region heterogeneities and entrainment 
of different clast populations. The compositions of the studied Apollo 16 group 1 
samples (FeO: 8.29 – 8.95 wt%; Ti: 1.02 – 1.30 wt%) and the studied Apollo 17 
impact melt rocks of group A, O and P (FeO: 6.73 – 8.11 ppm; Ti: 0.62 – 1.32 
wt%) fall in or close to the compositional field (FeO: ~ 7  – 10 wt%; Ti: ~ 0.6 – 
1.6 wt%) found by Spudis and Murl (2015) for the Fra Mauro Formation (i.e. 
Imbrium ejecta formation) using remote sensing data, which tends to support an 
Imbrium origin of these samples. 
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5.1.5. Use of textural variations for recognising cogenetic groups of 
lunar melt rocks 
Sufficiently large lunar melt sheets that underwent fractional crystallisation 
might be expected to develop a range of textures, as observed in terrestrial 
differentiated impact melt sheets (e.g. O`Connell-Cooper and Spray, 2011; 
Therriault et al., 2002). However, even in an undifferentiated, compositionally 
homogenous melt deposit a variety of textures might also arise due to variable 
cooling rates and/or clast contents in different locations of the deposit. Diverse 
textures can develop due to the differing abundances of nucleation sites within 
the melt and/or due to different cooling rates within different parts of the melt 
deposit. For example, Lofgren (1977) showed that a change from subophitic to 
poikilitic textures on the millimetre scale can be a result of the different 
abundance and distribution of nucleation sites. These nucleation sites can 
either be residual crystals which survived the impact melting, or clasts 
incorporated into the melt during or after emplacement of the deposit (Lofgren, 
1977). The following section discusses these factors in more detail and possible 
implications for the melt rock suite studied here. 
The development of different textures within a compositionally homogenous 
melt deposit can stem from different cooling rates, which could depend on the 
position within the melt deposit and the degree of undercooling caused by the 
incorporation of clasts (Floran et al., 1978). Simonds (1975) proposed that the 
incorporation of clasts into an impact melt can create a two-stage cooling 
history. During the first cooling stage the melt cools fast (order of magnitude: 
degrees/sec), mainly due to two processes – (1) raising the temperature of the 
clasts and (2) fusion of the clasts. The first cooling stage lasts until the melt 
reaches its liquidus temperature and crystallisation starts. The release of latent 
heat from the beginning of crystallisation then buffers the cooling rate, such that 
the second stage of cooling will be several orders of magnitude slower than the 
rate of the first stage, with the exact value depending on factors like “the 
thickness of the melt sheet, the emplacement cover (if any), positon within the 
melt sheet, and other factors relating the melt sheet to its geologic environment” 
(Vaniman and Papike, 1980, and references therein). According to Simonds 
(1973), the KREEPy nature of poikilitic samples might account for the formation 
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of poikilitic textures, while Lofgren (1977) found the formation of poikilitic 
textures was favoured by a high number and even distribution of nucleation 
sites. Vaniman and Papike (1980) point out that nucleation (i.e. formation of 
nucleation sites) may occur when cooling rates drop between the two cooling 
stages of the melt, but that the observed textures will be dominated by the 
growth in the second cooling stage (i.e. the slow cooling rate is the main factor).  
The various factors which can affect the texture within a compositionally 
homogenous impact melt sheet suggest that textures may not be a good tool to 
identify cogenetic samples. This is especially true for cases in which a variety of 
textures are developed within individual impact melt rocks, such as sample 
60335 (see section 2.3.3). However, Norman et al. (2006) found that age 
groups of Apollo 16 melt rocks with indistinguishable Ar ages, which also 
shared a common chemical grouping criteria (e.g. aluminous or mafic), tend to 
also display the same textural characteristics (e.g. poikilitic or subophitic). 
Based on the age, compositional and petrographic data they established five 
groups of samples, and proposed that each group represents a discrete impact 
melt deposit. This would imply that the individual melt deposits (1) are either 
texturally homogenous or (2) were only sampled in a texturally homogenous 
area. Option 1 seems unlikely, in light of possible variations due to nucleation 
site distribution and cooling history, which can induce textural differences even 
in a chemically homogenous melt sheet. Option 2 seems to be a plausible 
explanation, due to the nature of the sampling. The Apollo samples were picked 
up from the lunar surface, where they often were emplaced by small impacts in 
the vicinity of the sampling site, for example North Ray and South Ray crater in 
the case of the Apollo 16 landing site. The emplaced material is therefore 
coming from a restricted area (i.e. the excavation zone of the impact that 
emplaced the collected samples on the lunar surface). If these small impacts 
excavated a part of an older impact melt deposit, the sampling of a restricted 
region of this deposit makes it more likely to sample texturally similar samples, 
even if the deposit exhibits different textures in different locations. However, it is 
conceivable that another small and recent impact could have excavated 
material from a different locality of the same melt deposit, where the impact melt 
rocks are texturally different. Both impacts then would have had to have 
happened within about the last 300 My, as it is unlikely that rocks excavated by 
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those impacts could have survived much longer on the lunar surface 
(Basilevsky et al., 2013). All in all, it can be said that textural similarities (i.e. is 
the sample poikilitic, subophitic etc.) in impact melts can be used to strengthen 
the case for a cogenetic argument of a set of samples, as done by Norman et 
al. (2006). However, textural differences alone do not necessarily imply that two 
samples come from different impact melt bodies. 
For the samples studied here, textural characteristics strengthen the case for a 
cogenetic relationship of the samples within group 1 as well as for those within 
group 3. Not only do the samples within these groups have similar chemical and 
isotopic characteristics, but their Ar plateau, mini-plateau and minimum age 
estimates are consistent with each other (see section 5.2 for more details). 
They also all show similar textures within the group (group 1: poikilitic; group 3: 
intersertal, intergranular and/or subophitic). This echoes the grouping in 
Norman et al. (2006), where group 1 samples make up the majority of the 
samples classified by them as “mafic poikilitic”, and group 3 samples make up 
half of the samples that they classified as “aluminous subophitic”. As pointed 
out in section 2.4, intersertal, intergranular and subophitic textures might 
indicate faster cooling than a poikilitic texture. In this case, the textures indicate 
that group 3 samples cooled faster than the group 1 samples, and therefore 
may sample a smaller effective volume of melt. Although, as noted above, 
cooling rates and resulting textures can vary with location across a single melt 
deposit, and several factors other than cooling rate affect the texture. 
In contrast to group 1 and 3 samples, the group 2 samples show diverse 
textures (FIGURE 2-81), even within the narrowly defined compositional 
subgroups, such as 2DB. This indicates that the different subgroups of group 2 
either come from different melt bodies or from different localities of one melt 
body, e.g. faster crystallised samples from the faster cooling outer part of a melt 
deposit, and slower crystallised samples from the slower cooling inner part of 
the same melt deposit (see FIGURE 5-3). Many of the group 2 samples are 
dimict/dilithological breccias (i.e. a mix of impact melt and an unmolten 
anorthosite component), which possibly formed by injection of impact melt into 
the underlying bedrock of an impact crater (e.g. James et al., 1984). Different 
cooling rates in those samples could therefore also be caused by different 
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degrees of mixing with the anorthositic material, thickness of the individual 
injected melt body, and the dynamic nature of the crater floor environment.  
 
5.1.6. Crater derived impact melt rocks at the Apollo 16 landing site 
Based on the above discussion (section 5.1.2), cogenetic impact melt rocks 
created by the numerous <100 km diameter craters in the lunar highlands 
surrounding the Apollo 16 landing site, should generally be very similar in 
composition to each other. In other words, melt rocks from the top, the bottom, 
the interior or exterior of the same impact melt sheet should not show strong 
compositional differences at the scale of >mm’s. If compositional differences do 
occur, they should be expected to result from the addition of different amounts 
and/or kinds of clasts, and not from igneous processes such as fractional 
crystallisation. If the composition of the melt created during these impact events 
is not affected by igneous processes, the melt rocks can also be expected to 
reflect the average chemical and isotopic composition of the crustal lithologies 
from which they were produced.  
The characteristics of interior and exterior melt deposits summarised above can 
be applied to understand the genetic relationships and geological setting of the 
lunar melt rocks studied here.  
The samples of Apollo 16 group 3 show limited intersample variability, i.e. they 
are chemically and isotopically relatively homogenous, which indicates that they 
are cogenetic. Interestingly, the slight compositional variations that are 
observed might be the result of fractionation of the impact melt body, a 
possibility that is explored in section 5.4. The group 3 samples are relatively 
feldspathic (FIGURE 4-1) and contain low amounts of KREEP (FIGURE 4-6, 
FIGURE 4-52), which are compositional characteristics of the Feldspathic 
Highlands Terrane (FHT) (see section 2.1.2). The group 3 samples contain few 
(if any) clasts (FIGURE 2-81), which suggests the samples were sourced from 
the clast-free upper layer of an interior impact melt sheet, rather than from the 
clast-richer lower part of a melt sheet or even the clast-rich exterior impact melt 
deposits (see FIGURE 5-3). Overall, the characteristics of the group 3 samples 
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suggest that these samples most likely come from interior melt sheets of craters 
within the lunar highlands, rather than basins. 
Subgroups of group 1 and 2 (1F, 1M, 2DB, 2NR, 2M) also show similar 
restricted compositional ranges as the group 3 samples, and are therefore also 
likely cogenetic. The samples of these groups are generally richer in clasts, 
perhaps indicating that they either originated from a deeper (clast-richer) layer 
of an interior impact melt deposit or from an exterior melt deposit (see FIGURE 
5-3). The relatively slow cooling of these samples (based on the poikilitic 
textures; see section 5.1.5) may favour an origin of these samples from interior 
impact melt deposits, as these are larger than exterior deposits for a crater of a 
given size28. The KREEPy nature of these samples indicates that the impact 
melt or the target lithologies from which they were created were originally 
sourced from the Procellarum-KREEP Terrane (PKT). Thus, if these samples 
come from craters in the highlands, these impacts must have hit an older unit 
that emplaced material from the PKT as basin ejecta, as the PKT is the only 
abundant source of KREEP-rich target lithologies. Another possibility, which will 
be discussed in detail in section 5.1.7.2, is that these samples come from 
exterior impact melt deposits of PKT basin impacts that were emplaced in the 
FHT. 
 
5.1.7. Basin-derived impact melt rocks at the Apollo 14, 16 and 17 
landing sites 
As discussed above (section 5.1.4) basin-scale impact events likely distributed 
melt-bearing ejecta over large distances. The following sections give an 
overview about possible relationships of melt rocks from the Apollo 14, 16 and 
17 landing sites to lunar basins. 
 
                                            
28
 However, an exterior impact melt deposit of a large crater can have a larger volume, than the interior 
impact melt deposit of a much smaller crater. 
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5.1.7.1. Basin-derived impact melt at the Apollo 14 landing site 
The Apollo 14 landing site is in the Fra Mauro Formation, which is believed to 
be at least partly Imbrium ejecta (see section 2.2.1). According to Cohen and 
Coker (2010) about 9 vol% of the Imbrium ejecta was molten. If the Fra Mauro 
formation is a pure Imbrium ejecta unit, this would mean that 9 vol% of the 
formation would consist of impact melt produced by the Imbrium event. 
However, if the Imbrium ejecta only makes up 15-20 vol% of the Fra Mauro 
Formation (and the other 80-85 % consists of admixed local lithologies), then 
the amount of molten Imbrium ejecta would go down to 1-2 %. 
The Apollo 14 sample 14310, which is studied here, does not contain clasts and 
its texture (subophitic to intergranular) indicates that it originated from a 
relatively rapid cooling melt body (FIGURE 2-81). Haskin et al. (1998) suggested 
that this sample is the result of “remelting of a protolith dominated by older 
mafic impact-melt breccias”, i.e. an ejecta deposit. The sample therefore 
appears to represent an interior impact melt deposit (as it is clast free and 
rapidly cooled; see FIGURE 5-3) of one of the craters that formed in the Fra 
Mauro formation (i.e. the mafic protolith/ejecta deposit) after its emplacement. 
Alternatively, sample 14310 could represent a pre-Imbrian local impact melt 
rock deposit that was incorporated into the Fra Mauro Formation. Hawke and 
Head (1977b) showed that impact melt rocks from four pre-Imbrian local craters 
could have been incorporated into the landing site, and that these impact melt 
rocks could have had a KREEPy nature (like sample 14310), due to early 
KREEP volcanism in the target area of these pre-Imbrian craters. In both cases, 
sample 14310 would not be a basin-derived impact melt rock, but would have 
either been entrained as clastic debris in a basin-scale ejecta unit or formed by 
the impact melting of such a unit. 
 
5.1.7.2. Basin-derived impact melt at the Apollo 16 landing site 
For the Apollo 16 landing site, Petro and Pieters (2006) estimated that over 
50% of the megaregolith could be made of basin ejecta (molten and unmolten), 
mainly from the three nearside basins Nectaris, Serenitatis and Imbrium. Other 
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estimations (Haskin and Jolliff, 1998; Haskin et al., 2002) derive similar 
numbers. The estimates of abundant ejecta material can be combined with the 
estimates of the abundance of melt in the ejecta of the Nectaris, Serenitatis and 
Imbrium basins from Cohen and Coker (2010) to calculate the amount of impact 
melt from these basins at the Apollo 16 landing site (Petro, 2013). This 
calculation estimates the combined impact melt from these three basin impacts 
to be less than 3% of the Apollo 16 megaregolith (TABLE 5-1). However, if the 
ejecta blankets were emplaced without or with only little mixing of the ejecta 
with local material, then the ejecta (molten and unmolten) of the latest basin 
events will form stratigraphic layers close to the surface (Petro and Pieters, 
2006). Within these layers the fraction of impact melt would be that calculated 
by Cohen and Coker (2010) and thus be up to 9 vol% (fraction of melt in 
Imbrium ejecta, TABLE 5-1). In any case, the amount of impact melt derived 
from basin scale impacts at the Apollo 16 landings site can be expected to 
make up less than 10% of the near-surface materials. However, this does not 
necessarily imply that these impact melts formed discrete lithologic units of 
impact melt rocks (which then could be sampled) as the melt might have been 
finely dispersed. Another possibility is, that (due to the mixing of the melt 
component with clasts in exterior melt deposits; see section 5.1.3) these melt 
components might be partly or completely incorporated into fragmental 
breccias, such as the Apollo 16 feldspathic fragmental breccias from the North-
Ray crater (Stöffler et al., 1980), which appear to be lunar counterparts of 
suevites (Norman, 1981).  
The calculated thickness of ejecta deposits from Petro and Pieters (2006) at the 
Apollo 16 landing site is independent of the assumed stratigraphic sequence of 
the basin impacts. However, should the ejecta have been emplaced in layers on 
top of each other, then the assumed sequence of the basins will have a 
profound influence on which ejecta materials can be expected to be found at the 
surface. For relative basin ages in the stratigraphic sequence proposed by 
Wilhelms et al. (1987) the Nectaris event is assumed to be older than the 
Serenitatis event, while Fassett et al. (2012) challenged that idea. In both cases 
Imbrium is the youngest of the three events, and Imbrium ejecta (~ 180 m thick; 
Petro and Pieters, 2006) will therefore lie on top, close to the surface, only 
covered by a thin layer of Schrödinger and Orientale ejecta (< 1 m and ~ 3 m 
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thick; Petro and Pieters, 2006). In the stratigraphic order of Wilhelms et al. 
(1987), Nectaris ejecta will be covered by about 312 m (Petro and Pieters, 
2006) of Serenitatis ejecta, while in the stratigraphic order of Fassett et al. 
(2012), Serenitatis ejecta will be covered by about 305 m (Petro and Pieters, 
2006) of Nectaris ejecta.29 Overall, the Nectaris or the Serenitatis ejecta blanket 
(depending on the actual stratigraphic order) would be covered by more than 
500 m of ejecta material from different impacts. In this case it would be 
impossible for the small, young craters like North Ray crater (depth of ~230 m; 
Wilhelms et al., 1987) or South Ray crater (depth of ~130 m; Wilhelms et al., 
1987) to have excavated materials from the lower of the two ejecta units. All in 
all, ejecta material from the Imbrium event would be most likely to be present at 
the surface around the Apollo 16 landing site. The next likely group of ejecta 
materials to be found would either be of Nectaris or Serenitatis origin, 
depending on which one is younger, while the presence of materials from the 
older of the two events at the surface is unlikely. The most likely crater to have 
excavated material from two different geological layers is South Ray crater 
(Mattingly and El-Baz, 1973)30. 
The above stated evaluations only account for melt directly deposited as result 
of the melt-forming impact event. This ignores the possibility that the Imbrium 
target stratigraphy likely consisted of considerable amounts of Serenitatis 
ejecta, due to the adjacent locations of these basins. As a result, Serenitatis 
impact melts might have been entrained by Imbrium ejecta and thus could have 
been transported to the Apollo 16 site as clastic debris, which would increase 
the likelihood of finding Serenitatis impact melts at the site. Also ignored in the 
above evaluations are topographic effects on the deposition of the ballistic 
ejecta, which might, for example, lead to preferential accumulation in pre-
existing topographic lows (McGetchin et al., 1973). However, the effect of 
topography on the deposition might be partly negated by the emplacement of 
                                            
29
 In both cases the lower ejecta blanket (Nectaris or Serenitatis) will be additionally covered by about 
50 m of ejecta material from other impact basins, mainly Crisium (~ 38 m), Humorum (~ 9 m) and 
Humboldtianum (~ 2 m) (Petro and Pieters, 2006).  
30
 As South Ray crater has only a depth of 130 m, it is however unlikely that the upper of the two 
geological layers is one of the likely thick ejecta blankets from Imbrium or Serenitatis. The upper layer 
more likely represents a thinner ejecta unit. The best candidate for this unit might be the Orientale 
ejecta unit, which according to Petro and Pieters (2006) could be about 3 m to 40 m at the Apollo 16 
landing site. 
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the material by ballistic sedimentation, which acts to modify pre-impact 
topography (Osinski et al., 2011).  
Nevertheless, the discussion presented here shows that the most likely group of 
basin-scale impact melt rocks to be found at the Apollo 16 landing site are those 
emplaced as Imbrium ejecta. Thus, if the Apollo 16 mafic melt breccias (all 
group 1 and 2 samples, except for subgroup 2F samples) are basin-derived 
impact melts, then the suggestion of Haskin et al. (1998) that they were derived 
from the Imbrium event seems the most likely. However, as pointed out in 
section 5.1.6, the textural and clast abundance characteristics of mafic melt 
breccias are also consistent with them originating from the lower (clast-rich) part 
of an interior impact melt sheet of craters rather than basins. The KREEP-rich 
nature of the mafic melt breccias (e.g. section 4.1.1.2) indicates that they were 
derived from the PKT, and thus distant from the Apollo 16 landing site. This 
implies that they were produced by a large event that had the potential to eject 
impact melts from the PKT to the Apollo 16 landing site. Nevertheless, it is 
possible that these samples represent melts that were created by impacts into 
the lunar highlands, and that the KREEP component is derived from PKT 
materials that had been deposited there as ejecta of a prior basin impact event 
(similar to sample 14310; section 5.1.7.1).  
However, the overall mixing trend of KREEP-rich materials and feldspathic 
highland materials seen in the chemical and isotopic characteristics of the 
samples (e.g. FIGURE 4-1, FIGURE 5-4) as well as the nature of the clasts in the 
mafic melt breccias (dominated by plagioclase and/or anorthositic and noritic 
lithics; TABLE 2-1) suggests that these samples are exterior melt deposits. In an 
interior melt deposit of a small highland crater, the impact melt and the clasts 
would have been sourced from the same material. Thus, if the mafic melt 
breccias represent interior melt deposits of non-basin highland craters, the melt 
part as well as the clasts should reflect this mixed target material. However, the 
melt part in the mafic melt breccias seems to represent the KREEP component 
while clasts dominantly represent the highland component (best represented 
the dilithologic breccias of group 2DB; section 2.3). This supports that these 
samples are from exterior melt deposits. The relatively slow cooling of most of 
those samples, which can be inferred from the textures (FIGURE 2-81), indicates 
that these melt deposits must have been fairly large, which supports the basin-
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scale origin of these exterior impact melt deposits. If the mafic melt breccias are 
exterior basin melt deposits, then the narrowly defined compositional subgroups 
(1F, 1M, 2DB, 2NR, 2M) will likely either reflect the incorporation of different 
clast populations and/or differences in the impact melt composition. Differences 
in impact melt composition could either be due to target heterogeneity in case 
all groups stem from a single basin impact, or due to different target rocks in 
case they originated from multiple basin impacts.  
TABLE 5-1: EJECTA COMPONENTS OF IMPACT BASINS IN THE APOLLO 16 MEGAREGOLITH. THE 
FRACTION OF THE APOLLO 16 MEGAREGOLITH THAT IS EJECTA FROM THE RESPECTIVE BASIN 
IMPACT (FEJCTA, A16MR) IS TAKEN FROM PETRO AND PIETERS (2006), WHO USED DIFFERENT MIXING 
MODELS (A-D) TO CALCULATE THESE VALUES. THE FRACTION OF THE EJECTA OF THE RESPECTIVE 
BASIN IMPACT THAT IS MELT (FMELT) AS CALCULATED BY COHEN AND COKER (2010). THE AMOUNT 
OF THE APOLLO 16 MEGAREGOLITH THAT IS EJECTED MELT FROM THE RESPECTIVE BASIN IMPACT 
(FMELT, A16MR) WAS CALCULATED BY MULTIPLYING FEJCTA, A16MR AND FMELT. 
 
 
Fejecta, A16MR [%] 
Fmelt [%] 
Fmelt, A16MR [%] 
A B C D A B C D 
Nectaris 11 12 10 11 7.4 0.81 0.89 0.74 0.81 
Serenitatis 12 12 11 11 7.8 0.94 0.94 0.86 0.86 
Imbrium 11 11 8 8 9 0.99 0.99 0.72 0.72 
Sum 34 34 29 30 n.a. 2.74 2.81 2.32 2.39 
 
TABLE 5-2: ESTIMATION OF VOLUMES OF IMPACT MELTS (VMELT) AND THE AREA COVERED BY 
IMPACT MELTS (AMELT) BY LUNAR CRATERS WITH A DIAMETER ≥20 KM. CALCULATIONS WERE DONE 
USING THE CRATER DATABASE OF HEAD III ET AL. (2010). VMELT WAS CALCULATED FROM THE FINAL 
CRATER DIAMETERS (DF) USING EQUATION 6 [USED PARAMETER VALUES: DSC = 18.7 KM] AND 
EQUATION 8 [USED PARAMETER VALUES: D = 3.85; C = 1.3] FROM CINTALA AND GRIEVE (1998). 
AMELT WAS CALCULATED USING THE AREAS OF THE FINAL CRATERS (AMELT = AFINALCRATER), ASSUMING 
THAT THE WHOLE CRATER FLOOR IS COVERED BY IMPACT MELT. ALL CALCULATIONS EXCLUDE THE 
SOUTH POLE-AITKEN BASIN. 
 
All 
Craters 
Basins 
Df ≥ 300 km 
Craters 
Df < 300 km 
Craters 
Df < 200 km 
Craters 
Df < 100 km 
Vmelt [10
6 km3] 37.0 33.0 4.0 2.9 1.2 
Vmelt [%] 100 89.1 10.9 7.7 3.3 
Amelt [10
6 km2] 20.3 8.0 12.3 11.0 7.5 
Amelt [%] 100 39.3 60.7 54.4 37.0 
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The interpretation of samples with dilithologic character (most 2DB samples) as 
exterior impact melt deposits is different to earlier interpretations of these 
samples as dikes intruding the crater floor of large complex craters (James et 
al., 1984; Stöffler et al., 1979), which relies on the assumption that the material 
in the melting zone of the source crater was KREEP-rich while the underlying 
bedrock and/or the displaced zone would have had to be feldspathic highland 
material31.  
 
5.1.7.3. Basin-derived impact melt at the Apollo 17 landing site 
The Apollo 17 landing site is at the crater rim of the Serenitatis basin, and the 
impact melts from this landing site are generally believed to have been formed 
by the Serenitatis and/or Imbrium basins (Jolliff et al., 2006; Spudis et al., 
2011). For example, Haskin and Jolliff (1998) estimated that 55% of the 
megaregolith at the Apollo 17 site is derived from Serenitatis ejecta and 35% 
from Imbrium ejecta. With the melt fractions of these ejecta units from Cohen 
and Coker (2010), the estimated fraction of Apollo 17 megaregolith that are 
impact melts are 4% (Serenitatis derived) and 3% (Imbrium derived). As noted 
in section 5.1.7.2, this does not necessarily mean that these melt components 
formed actual discrete lithologies, and might therefore not be preserved as 
discrete, petrologically recognisable melt rocks.  
Most of studied Apollo 17 impact melt rocks come from boulders originating 
from the South and North Massif (see section 2.2.3). Samples 72215, 72235, 
72255 and 72275 (aphanites, group A) have been linked to units that are often 
considered to be ejecta from Serenitatis (Wood, 1975). The aphanitic textures 
which indicate fast cooling as well as the abundant clasts in these samples 
(TABLE 2-1) is consistent with these samples being exterior melt-bearing 
deposits. The textural characteristics and isotopic and chemical compositions of 
                                            
31
 A possible scenario for this setup could be like this: A block of KREEP rich material is emplaced in the 
lunar highlands as ballistic ejecta of a PKT basin scale impact. The block is surrounded by highland 
lithologies. A later smaller impact hits exactly this block, so that this block is within the melting zone of 
the impact, while the surrounding highland lithologies end up in the displaced zone of the impact. This 
scenario could create an interior impact melt deposit, in which the impact melt part of the rocks is 
KREEP-rich while the contained clasts/intruded crater floor would represent highland lithologies, but is 
considered unlikely due to the ad hoc nature of the geological requirements. 
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sample 73235 (also group A) is similar to those of the other aphanitic breccias 
(see sections 2.3.25, 4.1.1.4 and 4.3), and is therefore likely cogenetic to the 
722XX samples. Sample 76055 (a sample that does not group with any other 
sample, but was assigned the group name “O” by Korotev, 2000) is generally 
best described as aphanitic as well, but it is texturally complicated, and 
chemically and isotopically distinct from the group A samples (see sections 
2.3.26, 4.1.1.4 and 4.3). This sample has a lower Al2O3 content and also seems 
to contain less KREEP (lower REE, FIGURE 4-8; lower ISr; FIGURE 4-52), which 
suggests that this sample probably is not related to the other aphanitic samples 
of group A by a simple mixing of KREEP and highland clasts. However, it does 
contain clasts of olivine and dunite (TABLE 2-1), and an ultramafic component 
could explain the mentioned compositional differences and would also explain 
the high Mg# value (0.76-0.77; FIGURE 4-2) of this sample. Olivine-rich 
components in the mafic melt breccias could have either been derived from 
mantle cumulates within the crust or from the mantle itself during excavation in 
a basin-scale event (Korotev, 2000). The Sm-Nd isotopic system would 
theoretically be suitable to test for the incooperation of upper mantle 
components, as the upper mantle should have strongly positive ϵ143Nd,𝑖 values 
(up to ~ 8 at 3.8 Ga; Jolliff et al., 2006, p. 452). However, the Sm-Nd isotopic 
system of all of the studied samples is dominated by the KREEP component, 
due to its high concentration of Sm and Nd, while an upper mantle component 
(if present) would have low concentrations of these elements32. The chemical 
and isotopic characteristics of sample 77035 (poikilitic; group P) seems to be 
intermediate between the group A samples and sample 76055, consistent with 
the presence of dunitic clasts occuring in this sample as well (TABLE 2-1). This 
might indicate that this sample is also cogenetic to the other studied Apollo 17 
impact melt rocks, while containing a slightly different mix of clasts. The 
micropoikilitic texture of the sample also indicates that it crystallised slower than 
the aphanitic melt rocks. Thus, if it was derived from the same melt body as the 
aphanitic samples, it likely comes from a different location in this melt body, 
which cooled slower. 
 
                                            
32
 For example, Korotev (2000) estimates the following Sm concentrations: KREEP components = 16 – 64 
ppm; Dunitic upper mantle component: 0.008 ppm.  
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5.1.8. Basin-derived vs. crater-derived impact melt rocks at the 
Apollo 14, 16 and 17 landing site 
Smaller impact events produce relatively small amounts of melt, both in overall 
volume as well as relative to the volume of ejecta. However, craters (defined 
here as <300 km diameter) are much more numerous than basins (≥300 km 
diameter) on the lunar surface. To help assess the likelihood that an impact 
melt rock, randomly picked up on the lunar surface, was formed by a basin vs. a 
crater, it is necessary to consider how the sampling probability of melt deposits 
varies relative to crater size. TABLE 5-2 gives estimates of the volume of melt 
(Vmelt) and the area that basin-related and crater-related melt deposits cover on 
the lunar surface (Amelt). Using the database of Head et al. (2010), the Vmelt of 
each visible crater on the lunar surface with a final diameter (Df) ≥ 20 km was 
calculated using equations of Cintala and Grieve (1998) (for details see TABLE 
5-2). The category of basin-sized impacts contains all craters with Df ≥ 300 km, 
except the South Pole-Aitken basin33. Based on these estimates, the cumulative 
volume of melt deposits formed by basin-sized impacts on the Moon is about 9 
times greater than the volume of melt produced by craters. From these numbers 
alone, the chance of a randomly collected lunar impact melt rock being formed 
by a crater would only be about 10%. However, as pointed out earlier, the 
samples that were picked up on the lunar surface by the astronauts were 
emplaced there mainly as discontinuous ejecta launched by small cratering 
events that excavate only 10’s to 100’s of metres below the surface. In this 
case, the volume of pre-existing melt rock in the crust is less relevant, and the 
probability of sampling by small impact events is related more to the surface 
area that this melt covers, i.e. the larger the area covered, the higher the 
chance of the melt sheet being sampled. As shown in TABLE 5-2 crater-related 
melt deposits account for about 60% of the area covered by (interior) impact 
melt deposits on the Moon. Thus from this numbers alone, the chance of a 
randomly collected lunar impact melt rock being from a crater rather than a 
basin would go up to about 60%. 
                                            
33
 Its enormous size would strongly skew the results of the estimation towards the basin category, while 
it is unlikely that primary impact melt rocks from this basin can be found at the surface, due to the basin 
being the oldest in the stratigraphic order. Therefore, the basin itself and its ejecta units have been 
heavily reworked by later impacts. 
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However, both calculations (volume and area) exclude exterior impact melts 
deposits and they ignore the local geology of specific landing sites. For 
example, at the Apollo 17 landing site the impact melts are likely dominated by 
Serenitatis and Imbrium exterior impact melts, due to the proximity of the 
landing site to these basins. This is consistent with the Apollo 17 impact melt 
rocks studied here, which have characteristics expected for exterior impact 
melts (see section 5.1.7.3), although it should be noted that the Apollo 17 melt 
rocks do not represent a random collection but were targeted specifically to 
address the nature of the North and South massifs (see section 2.2.3). In this 
respect, the Apollo 16 suite may provide a more random sampling of melt rocks 
in the vicinity of the landing site.  
In contrast to the Apollo 17 site, the highlands in the vicinity the Apollo 16 
landing site are densely populated by craters that would contain interior melt 
deposits; and these appear both older and younger than ejecta units attributed 
to impact basins (FIGURE 2-4). In addition to a variety of reasonably well-
preserved craters in the vicinity (FIGURE 2-8) such as Dollond B (D ~ 35 km), 
Andel M (D ~ 26 km), and Descartes (D ~ 48 km), Head (1974) proposed that 
the Apollo 16 landing site lies within the remnants of two medium sized craters, 
termed Unnamed Crater A (D ~150 km) and B (D ~60 km). However, the 
existence of Unnamed Crater B is questionable as it “would have to be younger 
than the Descartes mountains of Imbrian age, yet older than the pre-Imbrian 
crater Dollond B” (Hodges, 1981). Furthermore, as Unnamed Crater A is 
“thought to predate the origin of the Nectaris basin” (Head, 1974) its crater floor 
would be buried under at least 180 to 492 m34 of basin scale impact ejecta, 
based on the evaluations made in section 5.1.7.2. In the case of a burial of 180 
m, small recent impacts like North-Ray crater (depth ~ 230 m) could just have 
excavated crater floor material of Unnamed Crater A. This argument can be 
extended to other “large adjacent craters, all of which have clearly been 
sculptured by Imbrium ejecta” (Hodges, 1981), i.e. whose crater floors are at 
least buried under Imbrium ejecta. However, it has to be kept in mind that the 
                                            
34
 If Nectaris is younger than Serenitatis (Fassett et al., 2012) and with the additional assumption that 
Unnamed Crater A is younger than Serenitatis, the crater floor will be buried under 180 m of Imbrium 
ejecta. If Serenitatis is younger than Unnamed Crater A (which would inevitably be the case if Nectaris is 
older than Serenitatis; Willhelms et al., 1987) the crater floor would be covered under Imbrium (180 m) 
and Serenitatis ejecta (312 m). 
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relatively low chance of excavating such crater floor materials from beneath 
Imbrium ejecta is probably even lower due to the craters being topographic 
lows, in which the Imbrium ejecta might be thicker (see section 5.1.7.2) than the 
calculated average of 180 m at this distance from the Imbrium basin. On the 
other hand, if basin-scale impact ejecta emplacement is accompanied by 
intense mixing with local material (e.g. Petro and Pieters, 2006; Wilhelms et al., 
1987), then floor materials of pre-existing craters might be incorporated into the 
emplaced ejecta unit, which would mean that they would be located closer to 
the surface.  
Additionally to the multitude of pre-Imbrium craters, there also exist some post-
Imbrium craters in the highlands around the Apollo 16 landing side (e.g. Kant: D 
~ 33 km; Alfraganus: D ~ 20 km; FIGURE 2-8), which might have contributed 
impact melt rocks to the landing site. However, such relatively small impact 
craters will most likely not produce distinct melt rock deposits in their ballistic 
ejecta deposits due to the small amount of ejected melt (see section 5.1.1). 
Thus, if impact melt rocks from such craters were present at the Apollo 16 
landing site, they would have to come from the interior melt deposits of these 
craters, which would require a secondary impact into these interior melt 
deposits to launch these rocks to the Apollo 16 landing site (Deutsch and 
Stöffler, 1987).  
Overall one might expect to find interior impact melt rocks of smaller craters and 
exterior impact melt rocks of impact basins to be present at the Apollo 16 
landing site. This is consistent with the Apollo 16 group 3 samples showing 
characteristics of smaller scale interior impact melt deposit rocks (see sections 
5.1.5 and 5.1.6) and group 1 and 2 samples showing characteristics of large 
scale exterior impact melt deposit rocks (see section 5.1.7.2). A small scale 
interior impact melt deposit origin for group 3 samples is in line with earlier 
interpretations of the group 3 sample 68415 and 68416 as rocks derived from a 
post-Imbrium crater “that formed a few tens of millions of years after the Cayley 
and Descartes Formations” (Wilhelms et al., 1987). The next section (5.2) 
considers the reliability of the 40Ar/39Ar ages obtained here for inferring primary 
ages of the melt-forming impact event. In section 5.3 the age data will be 
combined with petrologic characteristics and inferences about the geological 
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setting of the sample groups to consider the number and ages of the basin- and 
crater-scale impact events that are represented in this set of lunar samples. 
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FIGURE 5-4: PLOT OF INITIAL 
87
SR/
86
SR RATIO (ISR) VS. INITIAL 
143
ND/
144
ND RATIO (IND) OF THE 
STUDIED IMPACT MELT ROCKS. THE INITIAL VALUES ARE CALCULATED ASSUMING AN AGE OF 
3.885 GA. THE UNCERTAINTIES GIVE THE 2Ϭ STANDARD ERRORS OF THE ISR AND IND VALUES. 
FOR SAMPLES 14310, 62295 AND 65015 THE NEUTRON FLUX CORRECTED (NFC; SEE SECTION 
4.3.7) ARE SHOWN ALONGSIDE THE UNCORRECTED VALUES. THE SHOWN MIXING MODELS 
ENDMEMBERS ARE A KREEP AND A FAN COMPONENT. THE USED ISOTOPIC VALUES FOR THE 
END MEMBERS ARE THOSE OF A KREEP BASALT CLAST (SHIH ET AL., 1992) AND AN FERROAN 
ANORTHOSITIC NORITE (FAN) CLAST (NORMAN ET AL., 2003A). THE MIXING MODEL USES THE ISR 
AND IND OF THESE END MEMBER COMPONENTS AT 3.885 GA. CHANGING THE USED INITIAL AGE 
TO VALUES BETWEEN 3600 TO 4000 MA DOES SHIFT THE ISR AND IND VALUES, BUT THE RELATIVE 
DISTRIBUTION OF SAMPLES AND MODEL STAY PRETTY MUCH THE SAME. THUS, INFERENCES 
DRAWN FROM THIS FIGURE ARE NOT DEPENDENT ON THE EXACT FORMATION AGE OF THE 
STUDIED SAMPLES.  
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5.2. Reliability of the 40Ar/39Ar technique to record formation ages and 
the nature of the events recorded in the studied impact melt rocks 
The 40Ar/39Ar technique has played a predominant role in dating lunar impact 
events. However, numerous processes such as alteration and secondary 
mineral crystallisation, 40Ar diffusive loss, trapping of Ar components and 39Ar 
and 37Ar recoil can affect the resulting age spectra (Jourdan, 2012). In this 
section it will be discussed whether the 40Ar/39Ar technique in general can be 
expected to record the formation event (i.e. the melt-forming event) of the 
impact melt rocks studied here and which effects have to be taken into account 
in the interpretation of particular samples.  
Section 5.2.1 compares the 40Ar/39Ar ages obtained here with literature data 
determined through other isotopic dating systems in other studies. The 
implications on the reliability of the 40Ar/39Ar system to record the formation 
event of the samples studied here are discussed. 
Section 5.2.2 discusses disturbances in the low-temperature release steps of 
the 40Ar/39Ar release spectra and their effect on the recorded ages of the 
samples studied here. 
Section 5.2.3 discusses disturbances in the high-temperature release steps of 
the 40Ar/39Ar release spectra and their effect on the recorded ages of the 
samples studied here. 
Section 5.2.4 discusses the effects of trapped argon components on the shape 
of the 40Ar/39Ar release patterns and on the recorded ages of the samples 
studied here. 
Section 5.2.5 discusses monotonic decrease spectra, which are unique to group 
2DB samples, and the implications of these kinds of spectra for the age of the 
group 2DB samples. 
Section 5.2.6 discusses the likely cause for the occurrence of the monotonic 
decrease spectra in the group 2DB samples. 
247 
Section 5.2.7 discusses in detail the data for sample 64537, which might 
represent a unique case in which the combination of a trapped Ar component 
and a monotonic decrease spectrum creates a faulty plateau age. 
 
5.2.1. Agreement of ages obtained by different dating techniques 
The compositional homogenisation of impact melts and their subsequent 
crystallisation into what are essentially igneous rocks should allow the dating of 
their formation via any of the isotopic systems conventionally used to date 
crystallisation events of rocks (e.g., K-Ar, Rb-Sr, Sm-Nd, Lu-Hf, U-Th-Pb). 
Ideally, all of these isotopic systems should record the same age, and this 
seems to be the case for the samples analysed here, for which data from 
several isotopic systems are available. As shown in section 4.2.7 the 40Ar/39Ar 
age data obtained in this study are consistent within error with reliable ages 
obtained previously via other isotopic systems in other studies. This observation 
supports the conclusion that 40Ar/39Ar ages determined here should generally 
reflect the melt-forming event, i.e. the formation age of the impact melt rocks. 
There are, however, some notable exceptions that are discussed in more detail 
in the following sections. 
 
5.2.2. Effects on low temperature release steps: Alteration and 40Ar 
diffusive loss 
Lunar impact melt rocks can be reheated after their formation by subsequent 
impacts. This heating can cause 40Ar diffusive loss and textural alteration (e.g. 
grain boundary migration, coarsening, and partial melting) if the temperature is 
high enough. 40Ar diffusive loss can occur during transient heating events on the 
order of seconds to minutes in plagioclase and pyroxene (e.g. Jourdan et al., 
2014; Shuster et al., 2010). Therefore, the two most common minerals in the 
samples studied here can both be potentially affected by diffusive loss during 
(short-lived) impact heating. Another source of diffusive loss can be the thermal 
cycling on the Moon’s surface, induced by the day and night time differences in 
temperature (Gombosi et al., 2015; McDougall and Harrison, 1999; Turner, 
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1971; Zellner and Delano, 2015) Regardless of the source of the heat, diffusive 
loss of Ar will produce characteristic release spectra that show younger ages in 
the low-temperature steps (see also section 4.2.3.1). 
If a sample was affected by shock-induced heating, it might also show 
petrographic shock features such as the formation of maskelynite (e.g. Rubin, 
2015), undulose extinction reflecting brecciation and disordering of the crystal 
lattice (e.g. Snee and Ahrens, 1975), fracturing and brecciation (Section 2.3, 
Chapter 5 in Jolliff et al., 2006) and glass veins (Roedder and Weiblein, 1977).  
Jessberger et al. (1978b) found that shock pressures as high as 40 GPa do not 
per se cause significant 40Ar loss, and age changes therefore have to be related 
to the associated temperature elevation. However, shock features can be used 
to estimate the peak shock pressure, and this in turn can be used to estimate 
the induced temperature (Table 4.2, French, 1998). The scheme of French 
(1998) is for dense, nonporous rocks. However, the porosity of the upper lunar 
crust is on average 7.7% (Huang et al., 2013), and can be significantly higher 
depending on the local lithology (e.g. 22.1 % found in Apollo 14 sample 14321; 
Kiefer et al., 2012). As the post-shock temperature in a porous material can be 
significantly higher compared to a non-porous material35 (French, 1998; Kieffer 
et al., 1976; Stöffler, 1984) the assumption of a non-porous pre-impact target 
lithology could seriously underestimate the post-shock temperature if the target 
was actually porous. However, the higher post-shock temperatures in porous 
materials are the results of localised pressure amplifications (due to pore 
collapse; Güldenmeister et al., 2013), which would also lead to an 
overestimation of the impact-induced shock pressure, countering the 
underestimation of the post-shock temperature. For example, shock pressure 
experiments in a porous material (sandstone) by Kowitz et al. (2013) found for 
an induced shock pressure of 10 GPa the localised formation of melt in the 
target material. Assuming a shock pressure of 10 GPa and a non-porous target, 
one would conclude from the scheme from French (1998) that the post-shock 
temperature in the samples was about 100 °C, while the actual temperature 
was clearly higher (as melting occurred). However, if the sample of Kowitz et al. 
(2013) had been a natural material, the impact-induced shock pressure (as well 
                                            
35
 For example, the estimated post-shock temperature induced by a shock pressure of 10 GPa is 100 °C 
for nonporous rocks, but 700 °C for porous rocks like sandstone (French, 1998). 
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as the pre-impact porosity) would not be known. Thus, the shock pressure 
would be estimated using the petrographic effects. As the sample shows some 
melting (~4.8 vol%), one would conclude (for lack of knowledge assuming a 
non-porous pre-impact target lithology) using the scheme of French (1998) that 
the shock pressure was between 35 to 45 GPa36 and the post-shock 
temperature between 300 to 900°C. Thus, even though the pre-impact target 
lithology was wrongly assumed to be non-porous, one would make a 
reasonable estimate of the post-shock temperatures. Overall, the scheme of 
French (1998) can be adopted without knowing the porosity of the pre-target 
lithology to estimate the post-shock temperatures, as well as the experienced 
shock pressures. However, the estimated shock pressures should then not be 
interpreted as the shock pressure initially induced by the impact, but as the 
locally experienced (and amplified) shock pressure, which can be up to 4 times 
higher than the initially induced shock within porous materials (Güldenmeister et 
al., 2013). Another factor that might lead to the underestimation of the shock-
pressure and post-shock temperature could be the annealing of shock features, 
e.g. the healing of shock-induced micro fractures and mosaic extinctions in 
olivine (Bauer, 1979; Rubin, 2006) and the (partial) formation of crystalline 
plagioclase from maskelynite (Mikouchi, 2000). However, these annealing 
effects seem often to be restricted to one mineral phase, while the shock 
features are preserved in other phases (e.g. annealing takes place in olivine, 
while pyroxene preserves planar fractures and mosaic extinction; Rubin, 2006).  
While several of the studied samples do exhibit shock features (TABLE 2-1), in 
some cases these features occur only in clasts that are embedded in the melt. 
These shock features therefore either pre-date the formation of the melt or were 
induced into these clasts during the melt-forming event, as there is no apparent 
reason why a later shock event should affect only the clasts and not the melt 
matrix in which they are embedded. Of the eight samples that show 
petrographic shock features within the primary crystalline phases of the impact 
melt, seven (61015, 61016, 63355, 65075, 67935, 68415 and 68416) also 
exhibit diffusive loss patterns in their Ar release spectra. Only sample 65055 in 
which many of the plagioclase laths might be lightly shocked (Ryder and 
                                            
36
 3.5 to 4.5 times the pressure induced by the impact. This is in line with Güldenmeister et al. (2013), 
who showed that the localised amplification of shock pressures in porous materials will be about 4 
times. 
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Norman, 1980) exhibits a 100% plateau release pattern without any indication 
of diffusive loss. This would mean that the argon in the analysed particle was 
not affected by the shock event or the associated heating was not strong 
enough to cause diffusive loss. However, the undulose extinction of plagioclase 
laths on which the light shocking of the sample was inferred (Ryder and 
Norman, 1980) is not an unequivocal indicator of shock, and might have an 
igneous origin (i.e. compositional zoning produced during crystallisation of the 
melt). 
Eight samples (14310, 60315, 60335, 61156, 62235, 63549, 67095, 67235) 
exhibit a diffusive loss Ar release pattern, but lack shock features (TABLE 2-1), 
either because the shock features have not been identified, or the shock was 
not strong enough to create petrographically identifiable features. If shock 
events can induce heating sufficient to cause diffusive loss without creating 
petrographic shock features, a sample might theoretically have its Ar age reset 
by complete loss of radiogenic 40Ar through diffusive loss while petrographically 
appearing unaltered. In this case the later shock event would be falsely 
interpreted as the crystallisation age of the sample. However, complete loss of 
radiogenic 40Ar through subsolidus diffusive loss due to heating by a weak 
shock events seems unlikely for the samples studied here. This is due to the 
required T-t conditions, as will be discussed in the following paragraphs. 
Shuster et al. (2010) calculated the required post-shock temperatures to obtain 
the pattern of partially degassing observed in plagioclase and plagioclase-rich 
rock fragments (fragmented feldspathic breccias, fractured anorthosites and 
impact melt rocks) found in the lunar regolith at the Apollo 16 landing site. They 
found that post-shock temperatures of ~300 °C (for 20 yr) to ~600 °C (for ~1000 
s) would be required to even achieve the modest partial 40Ar loss observed in 
their samples. The fragments from Shuster et al. (2010) cannot be directly 
compared to the samples studied here, as it the size of the object to which their 
studied particles belonged at the time of the reheating event is not known37. 
                                            
37
 Shuster et al. (2010) found that their model implicated a sphere of ~0.1 to 5 m, but interpreted this 
not as the size of the object (which they believe to be bigger) but rather as the “effective length scale of 
thermal interaction between cold and hot material mixed rapidly during an impact”. In other words, 
their studied fragments were likely reset during the formation of an impact melt breccia (which was 
later eroded into small regolith particles). This is another way in which these fragments differ from the 
251 
Nevertheless, the study of Shuster et al. (2010)  suggests that relatively high 
temperatures and/or long durations of heating will be needed to completely 
reset the K-Ar system during an impact event. Additional modelling studies are 
necessary to constrain the required conditions more exactly. 
A similar approach was adopted by Jourdan et al. (2014), who modelled the 
temperature conditions needed to completely degas a 150 µm sphere of 
plagioclase, pyroxene or basalt. They found that the temperatures to completely 
degas the 40Ar from a sphere of plagioclase have to be very high (≥ 2500° C)38 
for short temperature spikes (≤ 1 s), or high (~1000° C) to intermediate (~ 400° 
C) temperatures over timescales of ~ 100 h to 104-106 years. Such long-lived 
heating in an impact setting might be caused in complex craters due to heatflow 
through basement rocks from the hot central uplift (Schmieder and Jourdan, 
2013). Jourdan et al. (2014) note that their estimated times are strictly minimum 
durations as “in a real system, a 40Ar atom is not necessarily lost once it has 
escaped a crystal, as it can remain trapped in a matrix of neighbouring crystals 
(hence diffusing into adjacent crystals)” and “the diffusion length in the target 
rock can be much larger than the 150 µm grain radius”39. As the particles 
studied here were part of significantly larger rocks, those volume diffusion 
effects would tend to increase the time and/or temperature threshold needed for 
a complete degassing. However, the analysed particles in this study were 
separated from the rock (by crushing) and were analysed separately. Thus, any 
gas trapped along grain boundaries would have escaped before analysis, and 
only gas retained within the particles was measured. Furthermore, the volumes 
of the studied particles themselves are most likely larger than the volume of the 
spheres40 used in the calculations of Jourdan et al. (2014), which additionally 
                                                                                                                                
particles studied here, which were part of a coherent impact melt rock that experienced a later heating 
event. 
38
 At such high temperatures plagioclase generally would be molten. However, in the case of very short 
heating events (<< 10 s), plagioclase melting is unlikely to occur (Jourdan et al., 2014). 
39
 This effect might however be hampered by fractures, which reduce the effective length scale 
necessary for diffusion to move an atom to a release pathway, and which are not considered in the 
model. 
40
 The exact volume of the analysed particles is not known, as only the extent of the particles in two 
dimensions (x, y) is approximately known from the top-down view of the particles via the target camera 
for the laser heating during 
40
Ar/
39
Ar analyses. The area estimated from the size of the particles in x-y 
space was estimated to be 0.1 – 0.5 mm
2 
(see section 3.2.1). Only if the height (z) of the particles is 
much shorter than the x and y dimension (e.g. z = 10 µm), which is unlikely considering that the particles 
stretch several hundred µm in x-y space, the analysed particles would have similar volumes (~ 1,000,000 
to 5,000,000 µm
3
) compared to the model sphere (~1,400,000 µm
3
) of Jourdan et al. (2014).  
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will increase the time and/or temperature threshold needed for a complete 
degassing. A third factor that will increase the retention of 40Ar in the analysed 
particles is their shape, as they are not perfect spheres. Although the particles 
are not simple geometric forms, most of their shapes are best described as 
cuboids with rounded edges (see section 3.2.1). Thus their diffusion behaviour 
will fall somewhere between that of a cube and a plane sheet. Both geometries 
will lead to a lower loss of 40Ar compared to a sphere with identical “Dt/r2“41 
(McDougall and Harrison, 1999). 
In summary, the study of Jourdan et al. (2014) shows that the temperatures 
necessary to fully reset the K-Ar systems of the samples studied here would 
need to be at least in the temperature range from 400 - 1000°C. However, 
assuming a direct relationship between T and P, this would require shock 
pressures of ~ 23 – 48 GPa, a pressure range in which diaplectic phases would 
be expected to form (French, 1998; Table 4.2). For example, the formation of 
diaplectic feldspar glass can start at 10.5 GPa and becomes optically 
identifiable in the range of 26-45 GPa (Ostertag, 1983). Planar deformation 
structures (isotropic lamellae) are another feature that can form within 
plagioclase in this peak pressure range (Stöffler, 1984). Even though 
plagioclase is common in the samples studied here, none of these indicators42 
has been reported for any of the samples with a plateau age (TABLE 2-1 and 
TABLE 4-10). Based on the absence of petrographic features that could be 
attributed to moderately to high shock pressures in samples for which plateau 
ages were obtained in this study, it can be concluded that they were probably 
never heated to temperatures of 400 - 1000°C43 since they formed. Therefore it 
seems unlikely that any of the reported plateau ages represents a later shock 
                                            
41
 “Dt/r
2
“dimensionless parameter which is a combination of the diffusion coefficient (D), the duration 
of the event (t) and r, which is either the radius of the sphere, half edge of a cube or half-with of a plane 
sheet. The parameter is used to compare the diffusion behaviour of particles of different geometries 
(McDougall and Harrison, 1999). 
42
 A literature review of Rubin (2015) showed that maskelynite is rare (~1 %) in mare basalts and basaltic 
fragments in regolith samples. These samples must at one point have experienced at least one impact 
event (i.e. the impact event that excavated them onto the lunar surface), but these events apparently 
did not often exceed pressures high enough to form maskelynite. The lunar mare (the sources of the 
basalts) are relatively young and were mainly affected by smaller post-LHB impact events, which 
apparently seldom produced shock pressures high enough to produce maskelynite. This indicates that 
most post-LHB impact events did not have the potential to completely reset 
40
Ar/
39
Ar ages by diffusive 
loss. 
43
 Additionally to the shock-induced textures, such heating might additionally also induce temperature-
related metamorphic effects (e.g. grain coarsening and grain rounding). 
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heating event, and therefore the ages obtained here should represent the 
primary crystallisation of these rocks from an impact melt. 
 
5.2.3. Effects on high-temperature release steps: Ar recoil and 
transient shock-induced heating 
Recoil of 39Ar and 37Ar is a process occurring during the experimental irradiation 
of the sample (for details see section 4.2.3.2). Spectra indicating recoil have 
been identified for samples 60315, 64537, 67095 and 68415 (see section 
4.2.6). The analysed particles of these four samples all consisted of multiple 
domains (TABLE 4-10). While it could not be identified whether these different 
domains represent mineralogically different grains, the occurrence of Ar recoil 
suggests that these optically observed domains did constitute phases with 
differing K contents. The studied particles were several 100 µm long and wide 
and the domains in those particles were on the scale of 10-100 µm in length 
and width. Such a size distribution of phases with differing K contents would 
provide a good structure for the occurrence of Ar recoil which “must be 
anticipated in samples in which K is located in isolated regions less than ~ 100 
µm in size” (Huneke and Smith, 1974).  
Regardless of the recoil, for samples 60315 and 64537 a mini-plateau age and 
a plateau age, respectively, could be obtained. Samples 67095 and 68415 are 
strongly affected by diffusive loss, so that an age could probably not have been 
obtained even if the recoil effect had not occurred. Thus, recoil had little to no 
effect on the ability to obtain Ar ages in this study. 
Natural processes operating under special conditions can also produce Ar 
release patterns that mimic recoil (i.e. younger high-temperature age steps). 
This requires very short heating (~0.01 s) to very high temperatures (~2000 °C), 
at which the normally more retentive minerals degas faster than the normally 
less retentive ones (Cassata et al., 2010). Such conditions can occur in small 
volumes of a sample during highly localised heating, which, however, requires 
that the whole sample experienced high peak shock temperature (> 1400 °C) 
and thus high peak shock pressures (Cassata et al., 2010). Thus, this 
explanation should be only considered if there is evidence of severe shock. 
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None of the four samples that exhibit a recoil-like pattern seems to have been 
severely shocked based on their petrography (TABLE 2-1), so it seems unlikely 
that transient heating is responsible for the Ar release patterns of these 
samples. 
 
5.2.4. Trapped argon components and the inverse isochron 
approach  
Trapped argon components can be inherited (i.e. not completely degassed), 
excess (i.e. incorporated into the sample from an exterior source), and/or 
atmospheric components (i.e. an excess component specifically from the 
atmosphere). If these components are not considered, an incorrect age may be 
inferred from the release spectrum. The composition of the trapped component 
can be identified using the inverse isochron approach (Jourdan et al., 2012; and 
references therein). In this approach the 36Ar/40Ar ratio is plotted against the 
39Ar/40Ar ratio. A combination of radiogenic Ar (represented by the 39Ar/40Ar 
ratio) and the trapped Ar component (represented by the 36Ar/40Ar ratio) will 
create a mixing line on this type of plot. The intercept of this mixing line with the 
y-axis in this plot will then reflect the 36Ar/40Ar ratio of the trapped Ar 
component. This then allows the calculation of an accurate age using the 
corrected 40Ar/39Ar ratio. This works only if there is one trapped Ar component 
present. Evaluation of the possible effects of trapped Ar on the inferred plateau 
ages of lunar melt rocks is important because Haskin et al. (1998) suggested 
that small but variable amounts of trapped 40Ar might be responsible for the 
range of Ar ages reported for the mafic lunar melt rocks, which they believe to 
have formed in a single event (Imbrium). Section 5.2.7 will discuss in detail the 
case of mafic melt breccia 64537, which highlights how trapped 40Ar can lead to 
the determination of a false plateau age, even when the inverse isochron 
approach is used.  
Only 3 of the inverse isochron plots associated with the 13 plateau-ages 
determined in this study revealed the presence of a trapped argon component 
based on their inverse isochrons (64475, 64537, 64815; TABLE 4-11). Trapped 
Ar was identified in the first five steps for 64475 and first three steps for 64815, 
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accounting for 3.4% and 15% of the 39Ar released from these samples (Figures 
1-1; 1-2).44 In all three samples, the plateau, isochron, inverse isochron and 
total fusion ages are within error identical (TABLE 4-11). 
These three samples can be classified as mafic melt breccias (a term that 
combines chemical groups 1 [subgroups 1M, 1F, 1S] and 2 [subgroups 2DB, 
2NR, 2M, 2Mo], except sub-group 2F; Korotev, 2000): 64815 groups as 1S, and 
64475 and 64537 as 2DB. For the three samples identified above, the trapped 
component is compositionally diverse (64475, 40Ar/36Artrapped = 255 ± 51; 64537, 
40Ar/36Artrapped = 71 ± 5; 64815, 
40Ar/36Artrapped = 33 ± 11). Although the assumed 
composition of the trapped Ar component can change the apparent age of the 
affected release steps quite significantly (e.g., the spectrum calculated 
assuming terrestrial 40Ar/36Ar for sample 64815, Figure 5-5), the majority of the 
calculated plateau steps (96.6 % released 39Ar for 64475, FIGURE 5-6; 85% 
released 39Ar for 64815, Figure 5-5) remains unaffected. Thus for these two 
samples, the obtained plateau age is not sensitive to the exact composition of 
the trapped Ar component. 
If the effect of the trapped Ar component is similarly negligible in all of the mafic 
melt breccias, this would argue against the possibility that the apparent age 
differences within the lunar mafic melt rock suite are due a trapped Ar 
component, as proposed by Haskin et al. (1998). However, in the case of 
sample 64537 the dependency of the plateau age on the assumed 40Ar/36Ar 
ratio of the excess Ar component might have serious implication for the inferred 
age of 3802 ± 12 Ma, which in turn would tend to support the proposal of Haskin 
et al. (1998). If the release spectrum of this sample is calculated assuming the 
canonical extraterrestrial 40Ar/36Ar ratio of 1 (Figure 5-8), it resembles an 
unusual type of spectrum that is often observed in Group 2DB samples. The 
following sections will describe the characteristics of this type of pattern, 
possible causes that might produce this type of pattern, and implications for the 
formation age of the 2DB samples. Section 5.2.7 then returns to sample 64537 
and compares it with the age results for the 2DB group. 
 
                                            
44
 As mentioned, the special case of 64537 will be discussed in detail in section 5.2.7. 
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Figure 5-5: 
40
AR/
39
AR AGE SPECTRA AS A FUNCTION OF RELEASED 
39
AR FOR SAMPLE 
64815. STEPS ARE SHOWN CALCULATED ASSUMING A 
40
AR/
36
AR RATIO OF 1 (BLUE LINES, 
GREY LINES), 295.5 (RED LINES) AND 255 (BLACK, DOTTED LINES). THE PLATEAU STEPS 
DRAWN WITH BLACK, DOTTED LINES AND GREY LINES ARE THE PLATEAU STEPS USED IN THE 
CALCULATION OF THE PLATEAU AGE IN SECTION 4.2.6.15. 
 
FIGURE 5-6: 
40
AR/
39
AR AGE SPECTRA AS A FUNCTION OF RELEASED 
39
AR FOR SAMPLE 
64475. STEPS ARE SHOWN CALCULATED ASSUMING A 
40
AR/
36
AR RATIO OF 1 (BLUE LINES, 
GREY LINES), 295.5 (RED LINES) AND 255 (BLACK, DOTTED LINES). THE PLATEAU STEPS 
DRAWN WITH BLACK, DOTTED LINES AND GREY LINES ARE THE PLATEAU STEPS USED IN THE 
CALCULATION OF THE PLATEAU AGE IN SECTION 4.2.6.13. NOTE: RELEASED 
39
AR ONLY 
SHOWS THE FIRST 10%. 
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5.2.5. ‘Monotonic decrease spectra’ and the formation age of the 
group 2DB samples 
Monotonic decrease spectra (md-spectra) are characterised by older ages in 
the low temperature steps and younger ages in the high temperature steps (see 
section 4.2.3.3). Md-spectra have been found in several of the samples studied 
here, including 60625, 61015 (particle #2, possibly particle #1), 62255, 64476 
and 64536 (see section 4.2.6), and possibly for sample 64537 (see section 
5.2.7). Norman et al. (2006) also obtained a similar spectra for Apollo 16 melt 
rock 64585. All these samples fall into the narrowly defined compositional 
subgroup 2DB, and are therefore plausibly cogenetic (see section 5.1). To 
complicate the situation, distinct plateau ages have been obtained in this study 
for two other samples of group 2DB (64475: 3888 ± 22 Ma; 64537: 3802 ± 12 
Ma). This raises the question which, if either, of these two plateau ages 
represents the true formation age of the group 2DB samples, or whether both of 
them are erroneous considering that the samples of this group tend have 
complicated Ar release patterns.  
Of all analysed group 2DB samples, 64475 seems most likely to produce a 
robust age, based on the structure of the analysed particles. The particle from 
64475 is the only one of the 2DB samples that consisted of only one optical 
domain (TABLE 4-10). This makes this sample the only candidate for which the 
analysed Ar can be expected to have come from a single mineral grain. All the 
other group 2DB samples consisted of two or more optical domains, but it could 
not be identified whether these domains represented different minerals or the 
same mineral in a different optical orientation. The change in the K/Ca ratio 
suggests at least for sample 60625 the presence of different minerals in the 
analysed particle. In any case, all these samples will have Ar from multiple 
grains, which will increase the likelihood of more complex age spectra. 
However, they still can produce correct ages, if the spectra are interpreted with 
care. 
Furthermore, the Ar data for 64475 also appears to be more robust than that 
from 64537. There is a trapped Ar component present in sample 64475, but it 
does not have an effect on the calculated plateau age (see section 5.2.4). 
Furthermore, the measured 40Ar/36Ar ratio of 255 ± 51 is within error of the 
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terrestrial atmospheric 40Ar/36Ar ratio (295.5). As this component is found only in 
the first 3.9% of the release spectra, it is likely of terrestrial origin and was 
incorporated into the sample after it was brought to Earth. The age of sample 
64475 (3888 ± 22 Ma) is therefore considered to provide a better estimate of 
the formation age of the group 2DB samples based on both the nature of the 
analysed particles and its Ar isotopic characteristics. 
While the cause for the disturbance that produces md-spectra is still a matter of 
debate (see section 5.2.6), it has been shown that the total fusion age of a md-
spectrum can sometimes provide constraints on the age of a sample 
(McDougall and Harrison, 1999). Thus, the total fusion ages of the group 2DB 
samples should be consistent with the proposed formation age of 3888 ± 22 Ma 
based on 64475. This hypothesis can be tested with the Ar release spectra of 
samples 62255, 64476, 64536 and 64585, which have not or only slightly been 
affected by low-T diffusive loss (additionally to the md-disturbance). For these 
samples, all four total fusion ages are consistent with the plateau age of 3888 ± 
22 Ma obtained from sample 64475 (TABLE 5-3). The total fusion ages of 
samples 60625 and 61015 (grain #1) are younger, but both samples have been 
considerably affected by diffusive loss (TABLE 5-3). Their total fusion ages 
therefore represent minimum ages, which would also be consistent with the 
plateau-age of 64475. The even younger age of 61015 (particle #2) has to be 
discarded, as no 37Ar was left when this grain was measured, and the age could 
therefore not be corrected for the production of 39Ar from 42Ca. The 
measurement is only mentioned here to highlight that this sample of 61015 
displays the md-disturbance as well.  
In summary, for the group 2DB samples, the structure of the analysed particles, 
the Ar isotopic characteristics of samples 64475 and 64537, and the 
consistency of their total fusion ages make a reasonable case for a formation 
age of 3888 ± 22 Ma as represented by plateau age of 64475. 
The md-disturbance appears to be present in most group 2DB samples studied 
here. The next section considers possible mechanisms that might be 
responsible for this type of release pattern. 
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TABLE 5-3: TOTAL FUSION AGES OF GROUP 2DB SAMPLES WHOSE AR RELEASE SPECTRA 
WERE DOMINATED BY THE INTERNAL AR REDISTRIBUTION DISTURBANCE. SOME SAMPLES 
ADDITIONALLY WERE AFFECTED BY DIFFUSIVE LOSS. ALSO GIVEN IS THE AMOUNT OF 
40
AR 
THAT WOULD BE NEEDED TO BE ADDED TO THE OLDEST AGE STEP AND LOST BY THE 
YOUNGEST AGE STEP TO RESULT IN THE RECORDED AGE, ASSUMING THE ACTUAL AGE OF THE 
SAMPLE IS 3888 MA AND THE ADDITION/LOSS OCCURRED AT PRESENT TIME. * FROM NORMAN 
ET AL. (2006). AGE HAS BEEN CORRECTED AS DESCRIBED IN SECTION 4.2.2. 
Sample Total fusion age 
Part of spectra 
affected by Diffusive 
loss [% of 
39
Ar] 
Amount of 
40
Ar gained/lost 
in the oldest/youngest age 
step [%] 
Added Lost 
60625 3820 ± 12 4-13  7 13 
61015 #1 3808 ± 16 13-24  15 16 
62255 3883 ± 12 ~1  23 22 
64476 3910 ± 26 n.a. 7 6 
64536 3913 ± 13 n.a.- 11 3 
64585* 
3889 ± 22 Ma 
(Corrected) 
~1  8 15 
 
5.2.6. Cause of monotonic decrease spectra 
The md-disturbance has been described before for other lunar samples, e.g. 
fine-grained lunar breccias (Turner et al., 1971); Apollo 12 basalts (Stettler et 
al., 1973); and various crystalline anorthosite fragments picked from soil sample 
63503 (Fernandes et al., 2013). Most of the samples show signs of shock 
pressures in the range of 10 – 25 GPa (Fernandes et al., 2013) and even partial 
remelting as a result of shock (Stettler et al., 1973; Turner et al., 1971).  
Proposed mechanisms for generating these spectra include closed system 
redistribution of 40Ar, induced through shock or melting, or of 39Ar, by recoil 
during sample irradiation. A closed system mechanism is indicated by the 
observation that total fusion ages seem to record the actual formation age of the 
samples (McDougall and Harrison, 1999). This closed system behaviour also 
seems to be the case in most of the group 2DB impact melts with md-disturbed 
Ar release spectra and little or no low-T diffusive loss (see section 5.2.5). 
However, 39Ar recoil does not seem a valid mechanism for the group 2DB 
samples, as most of the analysed particles of this group show constant K/Ca 
ratios. This indicates that there are no phases with differing K-contents within 
these particles, which would be a prerequisite for the occurrence of 39Ar recoil 
(see section 4.2.3.2). 
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This leaves the option of closed system 40Ar redistribution during shock heating 
and melting. As 40Ar redistribution can only occur if 40Ar has already formed 
from the decay of 40K, this event must have taken place subsequent to the 
formation of these rocks and not during their formation. Furthermore, the closer 
to present time the redistribution occurred, the less severe an event would be 
needed to produce the observed patterns45. Two of the 2DB group Ar release 
patterns (60625 and 61015#1, TABLE 5-3) exhibit 40Ar diffusive loss in the low 
temperature steps (as well as the md-pattern), indicating that at least a short 
reheating of these samples occurred subsequent to their formation. Most of the 
2DB samples show no significant post-crystallisation shock effects in the melt 
rock portion, apart from sample 61015 (TABLE 2-1). Thus most 2DB samples 
likely only experienced a low-shock event (< 20 GPa; French, 1998), and thus 
the heating of the sample was also likely mild (post-shock T < 170 °C; French, 
1998) and short lived. However, the glass veins and patches in sample 61015 
indicate significantly higher shock pressures (>35 – 60 GPa), which would result 
in significantly higher post shock temperatures (>300 – 1500 °C). This reheating 
could also have affected other 2DB samples, e.g. those that exhibit the md-
disturbance. The only shock event that unequivocally affected all of the 2DB 
breccias is the one that excavated and emplaced them onto the lunar surface 
prior to collection by the Apollo 16 mission46. The exposure ages of group 2DB 
samples indicate that this event occurred within the last 1 to 4 Ma (TABLE 4-46), 
which, compared to the >3.8 Ga formation ages of these samples, is effectively 
present day. TABLE 5-3 lists the amount of 40Ar that would be needed to be 
added/lost from the oldest/youngest age steps of the md-disturbed group 2DB 
spectra, to produce these measured age steps. This calculation assumes that 
the original recorded age of the steps was 3888 Ma (the best age estimate of 
the group 2DB sample formation; see section 5.2.5) and that the addition/loss of 
                                            
45
 The logic for this is as follows: Assume a sample that formed 3.9 Ga, which shows an md-disturbed Ar 
release pattern in which the first 50% of released Ar give an age of 4.0 Ga while the last 50% of released 
Ar give an age of 3.8 Ga. If the internal Ar redistribution occurred during an 3.8 Ga event, all of the 
internal Ar would have had to be redistributed (as all Ar from the 50% most retentive sites of the sample 
would have had to be redistributed to the 50% less retentive sites). If the redistribution happened 
during an event at present day, only about 2.6% (= 0.1 Ga/3.9 Ga; 0.1 Ga being the age difference 
between actual and measured age) of the Ar in the 50% most retentive sites would have to be 
redistributed to the less retentive sites to produce the same pattern. Thus, a lower temperature and/or 
a shorter event would be required. Note: For simplicity this calculation assumes a linear relationship 
between the recorded ages (3.8, 3.9 and 4.0 Ga) and the 
40
Ar/
39
Ar ratio. 
46
 One of the dimict breccias (61015) might have experienced as much as four smaller (i.e. post-
crystallisation) impact events (James, 1984).  
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40Ar occurred at present day (i.e. during the excavation event of the group 2DB 
samples). The calculated values indicate that, depending on the sample, at 
least 3 to 22 % of the 40Ar in the 2DB samples would have had to be mobilised, 
from the most retentive sites alone, to produce the observed age spectra via 
closed-system 40Ar redistribution. This indicates mobilisation of a substantial 
amount of 40Ar within the particles, while, on the other hand, 4 of the 6 md-
disturbed spectra show only little or no indication of diffusive loss (TABLE 5-3). 
This begs the question how a shock-heating event could mobilise large 
amounts of 40Ar within these particles, while the particles themselves largely 
remained a closed system (i.e. did not lose 40Ar). 
A possible explanation for this seemingly contradictory behaviour of the Ar 
system might be 40Ar reimplantation. Turner et al. (1971) suggested that the 
high 40Ar/39Ar ratios in the low-temperature steps could represent reimplanted 
40Ar that was derived from the sample itself during subsequent shock events. 
Fernandes et al. (2013) described a possible mechanism for this shock 
reimplantation in more detail; a paraphrased version of this description is given 
below: 
Due to the shock-induced heating, the mineral is [fully or partially]47 outgassed 
during impact heating [i.e. it loses argon by diffusive loss], but the outgassed 
40Ar [initially] remains in close proximity to the mineral [e.g. due to slower 
diffusion out of the sample]. The outgassed 40Ar can then be re-implanted into 
the mineral [provided the mineral cools down to a T-regime in which it can retain 
40Ar again, while the outgassed 40Ar is still in proximity to the mineral]. This 
reimplantation will occur preferentially in the easy accessible less retentive 
regions of the mineral, which explains why these sites show older ages in the 
40Ar/39Ar experiments.  
This mechanism could explain why there is barely any or no evidence for 
diffusive loss having taken place for samples 62255, 64476, 64536 and 64585 
(TABLE 5-3), while substantial amounts of 40Ar were redistributed within these 
samples. In the case of 40Ar reimplantation the diffusive loss would have 
actually taken place, but the lost 40Ar would have “returned” into the analysed 
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 The text in brackets are statements not specifically given by Fernandes et al. (2013) but added here to 
describe the process (as understood by the author) more clearly. 
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particle, and thus give the impression of a system that was closed at all time. 
This would require all the 40Ar lost by diffusive loss to be reimplanted into the 
particle. The analysed particles of 60625 and 61015#1 then might represent 
cases in which not all of the 40Ar was reimplanted, and thus both, the md-
disturbance and diffusive loss disturbance, are observed. 
 
5.2.7. The unique case of 64537 
Among the melt rocks analysed for this study, the md- spectra seem to occur 
only in group 2DB samples. Sample 64537 is one of only three samples 
identified above to carry trapped Ar (section 5.2.4). The sample falls into 
chemical group 2DB, thus it would be reasonable to expect that this sample 
might also have been affected by the md-spectra causing mechanism. As 
mentioned in section 5.2.4 the release spectrum of 64537 resembles an md-
spectrum if a lunar atmospheric ratio is assumed for the trapped Ar component. 
This is important, as the plateau age of the sample (3802 ± 12) Ma calculated 
with the trapped Ar component estimated using the inverse isochron approach 
(40Ar/36Artrapped = 71 ± 5, section 5.2.4) differs from the plateau age of another 
2DB sample (64475: 3888 ± 22 Ma), which more likely represents the actual 
formation age of the group 2DB samples (section 5.2.5). 
It appears that the Ar isotopic composition of 64537 is strongly affected by the 
trapped component (trapped component in at least 7 of the 12 release steps; 
Figure 5-8), which makes it unique among the samples studied here (see 
section 5.2.4). Interestingly, a combination of a trapped Ar component and an 
md-disturbance might explain why an erroneous 40Ar/36Ar ratio of the trapped 
component was determined for this sample via the inverse isochron approach. 
Possible effects of an md-disturbance on an inverse isochron are illustrated in 
Figure 5-7. This figure shows the measured data points (in black) and the 
inverse isochron that implies a trapped 40Ar/36Ar ratio of 71. Also shown (in 
blue) is a hypothetical isochron calculated assuming the canonical 
extraterrestrial 40Ar/36Ar ratio of 1 and using the total fusion age of 3871 Ma, 
which the Ar release spectrum of 64537 yields if this 40Ar/36Ar ratio is used to 
correct for the excess Ar component (see Figure 5-8). Projected on this 
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hypothetical isochron are the measured data points, assuming that there is no 
natural variation in the 40Ar/39Ar ratio (i.e. if they were corrected for the 40Ar/36Ar 
ratio of 1 they would all record an age of 3871 Ma). Thus in this ideal, 
hypothetical case of a sample formed at 3871 Ma and a trapped component 
with 40Ar/36Ar = 1, all data points fall exactly on the inverse isochron. In a 
plateau release spectrum these data points would then also all exactly fall at 
3871 Ma. If a sample with such an ideal release spectrum is then affected by Ar 
redistribution or reimplantation as described in section 5.2.6 (i.e. the md-
spectrum causing mechanism), the low-temperature release steps will show an 
older calculated age due to an increase in the 40Ar/39Ar ratio, and vice versa in 
the high-temperature steps, and the result will be the characteristic md-pattern 
(e.g. blue pattern in Figure 5-8). The change in the 40Ar/39Ar ratios will also 
affect the inverse isochron (Figure 5-7), as the values for the low temperature 
steps are shifted to the left (i.e. 39Ar/40Ar gets lower), and high temperature 
steps are shifted to the right (i.e., higher 39Ar/40Ar). As a result the negative 
slope of the inverse isochron becomes less steep and the value of the y-axis 
intercept (which determines the 40Ar/36Ar ratio of the trapped component) is 
lowered48. While this scenario might explain how a measured inverse isochron 
could be rotated by superimposing an md-disturbance on a sample with a 
significant amount of trapped Ar, this is for explanatory purposes only. The 
incorporation of the trapped Ar component could have happened prior, during or 
after the event and the same effect could be observed. 
The release pattern of sample 64537 calculated using the extraterrestrial 
40Ar/36Ar ratio is very similar to the release pattern of sample 64536 (Figure 
5-9), which is believed to come from the same rock as 64537 (see section 
2.3.14). Furthermore, the total fusion age of 3871 ± 59 Ma calculated from this 
release pattern of 64537 is within error of the ages of all other mafic melt 
breccias which were dated successfully in this study (62235, 62295, 64475, 
64815, 67235; TABLE 4-10) and is consistent with the total fusion ages of other 
group 2DB samples that have been affected by the md-disturbance (see section 
5.2.5). Thus it seems likely that the total fusion age of the disturbed age spectra 
of 64537 (3871 ± 59 Ma assuming 40Ar/36Ar = 1) represents the best estimate of 
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 Note: On the y-axis in the inverse isochron plot is the 
36
Ar/
40
Ar ratio, which gets lowered. Conversly 
the 
40
Ar/
36
Ar ratio increases (e.g. from 1 to 71). 
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its formation age, rather than the plateau age (3802 ± 12 Ma) that was 
calculated assuming a trapped 40Ar/36Ar ratio of 71.  
The example of 64537 highlights that while the inverse isochron is generally a 
good tool to determine the trapped Ar component of a sample, it can lead to the 
determination of a false 40Ar/36Ar if the sample is additionally affected by 
redistribution of Ar. It also supports the notion of Haskin et al. (1998) that small 
but variable amounts of trapped 40Ar might be responsible for the range of Ar 
ages reported for the mafic lunar melt rocks such as the 2DB samples. 
 
Figure 5-7: 
36
AR/
40
AR VS. 
39
AR/
40
AR PLOT FOR SAMPLE 64537. THE BLACK LINE IS THE 
DETERMINED INVERSE ISOCHRON WHICH INDICATES AN 
36
AR/
40
AR EXCESS ARGON 
COMPONENT OF 71 ± 5. NUMBERED DATA POINTS CORRESPOND TO NUMBERED AGE STEPS 
IN Figure 5-8. THE BLUE DOTTED LINE SHOWS AN HYPOTHETICAL INVERSE ISOCHRON 
BETWEEN A RADIOGENIC 
40
AR COMPONENT CORRESPONDING TO 3871 MA AND A TRAPPED 
40
AR/
36
 AR COMPONENT OF 1. THE BLUE DATA POINTS ARE THE MEASURED (BLACK) DATA 
POINTS PROJECTED ONTO THE HYPOTHETICAL INVERSE ISOCHRON. THE 
40
AR/
39
AR 
COMPOSITION OF THE BLUE DATA POINTS WAS CALCULATED USING THE MEASURED 
40
AR/
36
AR AND THE LINEAR FUNCTION DESCRIBING THE HYPOTHETICAL INVERSE ISOCHRON. 
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Figure 5-8: 
40
AR/
39
AR AGE SPECTRA AS A FUNCTION OF RELEASED 
39
AR FOR SAMPLE 
64537. STEPS ARE SHOWN CALCULATED ASSUMING A 
40
AR/
36
AR RATIO OF 1 (BLUE LINES), 
295.5 (RED LINES) AND 255 (BLACK, DOTTED LINES). THE PLATEAU STEPS DRAWN WITH 
BLACK, DOTTED LINES ARE THE PLATEAU STEPS USED IN THE CALCULATION OF THE PLATEAU 
AGE IN SECTION 4.2.6.14. NUMBERED AGE STEPS CORRESPOND TO THE NUMBERED DATA 
POINTS IN Figure 5-7. 
 
Figure 5-9: 
40
AR/
39
AR AGE SPECTRA AS A FUNCTION OF RELEASED 
39
AR OF SAMPLE 64536 
(BLACK) AND OF 64537 (BLUE), ASSUMING A 
40
AR/
36
AR RATIO OF 1 FOR THE LATTER.  
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5.3. The number and nature of events recorded by the studied impact 
melt rocks and comparison to lunar age database – Implications for 
the LHB impactor flux 
As shown in section 5.2 the 40Ar/39Ar plateau ages obtained in this study most 
likely reflect the crystallisation ages of the melt rocks, with the exception of 
sample 64537 (3802 ± 12 Ma), as discussed in section 5.2.7. A histogram of the 
remaining nine plateau ages49 indicates up to four different events, which might 
be recorded by these samples (Events I, II, III and IV; FIGURE 5-10). It should 
be noted that this compilation is a very conservative compilation due to the strict 
criteria that we have applied to selection of the ages. For example, although the 
total fusion ages of the 2DB breccias probably also provide useful information 
about the ages of those samples, as discussed in section 5.2.5, those ages are 
not included in this histogram. Also shown alongside the histogram in FIGURE 
5-10 are a probability density plot (Ludwig, 2012) and a kernel density 
estimation (Vermeesch, 2012) using these plateau ages, which indicate 4 and 2 
events respectively. However, due to the low number of data (n = 10) those two 
statistical tools should not be given too much weight. They are shown together 
with the histogram to provide a good starting estimation of which samples might 
represent the same event. Following, these estimates will be refined, by 
combining the age, chemical, isotopic and textural characteristics of the 
samples. 
 
5.3.1. The mafic melt breccias and the Imbrium event 
All plateau ages of mafic melt breccias (group 1 and 2 samples, except the 
subgroup 2F samples) obtained in this study50 and the recalculated plateau age 
of group 1 sample 6501551 from Norman et al. (2006) are within error identical 
with each other. The weighted average of these six samples gives a statistically 
                                            
49
 Added to these nine plateau ages is also the age of 65015 from Norman et al. (2006). No Ar data were 
obtained for this study on this sample. Fortunately, this is one of the few samples for which Ar data exist 
that could be replotted and recalculated to be comparable to the here obtained data and which also 
satisfy the criteria for plateau ages applied in this study (TABLE 5-4). 
50
 62235: 3865 ± 17 Ma; 62295: 3886 ± 25 Ma; 64475: 3888 ± 22 Ma; 64815: 3895 ± 17 Ma; 67235: 3890 
± 19 Ma;  
51
 3909 ± 36 Ma 
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robust age of 3.885 ± 8 Ma (MSWD = 1.8, p = 0.11). This supports the idea of 
Haskin et al. (1998) that all mafic melt breccias are cogenetic or at least formed 
in near-simultaneous events. The case is strengthened by the fact that the five 
plateau ages from this study were all obtained on different subgroups of group 1 
and 2 (62235: 1F; 62295: 2Mo; 64475: 2DB; 64815: 1S; 67235: 2NR). The only 
subgroups for which no plateau age could be obtained were subgroups 1M and 
2M. However, the mini-plateau age of subgroup 1M sample 60315 (3844 ± 18 
Ma) is concordant with an actual age of 3885 ± 8 Ma, as are the minimum age 
estimates based on the oldest age steps of subgroup 2M samples 65075 (2291 
± 13 Ma) and 67095 (3829 ± 54 Ma). It is furthermore interesting that an Rb-Sr 
isochron giving an age (3851 ± 85 Ma) consistent with 3885 ± 8 Ma can be 
calculated using the Rb-Sr data of the two group 2M samples 65075 and 
67095.52 Overall, the age data of the mafic melt breccias are consistent with a 
common origin of these samples, which together with the conclusion that the 
mafic melt breccias most likely are exterior impact melt deposit of a basin scale 
impact in the PKT (see section 5.1.7.2), supports the notion of Haskin et al. 
(1998) that the mafic melt breccias53 were all formed during the Imbrium event. 
We therefore propose an age of 3885 ± 8 Ma as the age of the Imbrium basin.  
According to Stöffler et al. (2006) there are 2 ages for the Imbrium event for 
which valid arguments can be made: 3850 ± 20 Ma (e.g. Wilhelms et al., 1987) 
and 3770 ± 20 Ma (e.g. Deutsch and Stöffler, 1987). The here proposed age of 
3885 ± 8 Ma for the Imbrium event is slightly older than both of those estimates. 
The arguments for both age estimates do in large part depend on the dating of 
Apollo 15 samples (which will be discussed in see section 5.3.4) and the 
interpretation of these samples in their geological context. However, there are 
also some arguments regarding Apollo 14 and 16 melt rocks, which can be 
addressed here. An argument that both Imbrium age estimates share, is the 
interpretation of the Cayley Plains as an Imbrium-related ejecta unit, whose 
rocks either pre-date (if they were not reset during the event) or date the 
                                            
52
 This is a two point isochron, and therefore unreliable. Furthermore, an isochron would imply that the 
differing Rb and Sr contents in the two samples are the result of fractionation and not the mixing of 
different lithologies with different Rb and Sr contents. This possibility will be shown in section 5.4 to be 
possible, but not particularly likely, which is another reason to not attribute much significance to this 
age. 
53
 At least the group 1 samples also seem to form a texturally distinct group, which additionally supports 
that they represent the same event (see section 5.1.5 and Norman et al, 2006) 
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Imbrium event. The Cayley Plains are believed to consist mainly of mafic 
crystalline impact melt breccias (see section 2.2.2), such as the mafic melt 
breccias studied here, which give a combined age of 3885 ± 8 Ma. This could 
be consistent with a younger age (3850 or 3770 Ma) of the Imbrium event, if 
one would argue that the mafic melt breccias represent pre-Imbrium impacts 
and their K-Ar system (i.e. the 40Ar/39Ar ages) was not reset during their 
emplacement near the Apollo 16 site as Imbrium ejecta. However, as discussed 
in section 5.1.7.2, the interpretation of the mafic melt breccias preferred here is 
that they were formed (i.e., not merely excavated) during the Imbrium event, in 
which case the calculated combined age of 3885 ± 8 Ma would represent the 
age of the Imbrium event rather than an upper age limit for it. The older age 
estimate of 3850 ± 20 Ma (Wilhelms et al., 1987) is supported by Ar dating of 
Apollo 15 samples (Dalrymple and Ryder, 1993), and is concordant with the 
here proposed age of 3885 ± 8 Ma, if recalculated to be comparable with the 
here obtained data set (see section 5.3.4). The case for the younger Imbrium 
age of 3770 ± 20 Ma is discussed in the next section. 
Mafic melt breccias have been found to carry non-chondritic, fractionated HSE 
compositions, which must come either from early solar system bodies with 
unknown composition or from a fractionated planetesimal (Liu et al., 2015). 
Fractionated HSE compositions have also been found to varying degrees for 
mafic melt breccias in this study, as well as for sample 60335 and separated 
metal grains from this sample (FIGURE 4-12 A/B). The HSE signature could be 
the result of a single impactor or the mixing of several impactor signatures, 
which accumulated in the target lithology prior to the melt forming event that 
created the studied impact melt rocks (Fischer-Gödde et al., 2012; Liu et al., 
2015). Regardless of the origin of the HSE signatures, the occurrence of similar 
HSE patterns in the mafic melt breccias strengthens a cogenetic relationship of 
these samples. 
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FIGURE 5-10: HISTOGRAM OF AR-PLATEAU AGES OF APOLLLO 16 IMPACT MELT ROCKS 
OBTAINED IN THIS STUDY AND THE RECALCULATED AR-PLATEAU AGE FOR 65015 (INDICATED 
WITH ASTERIX) FROM NORMAN ET AL. (2006). USING THE 11 AGES A PROBABILITY DENSITY PLOT 
(LUDWIG, 2012) AND A KERNEL DENSITY ESTIMATION (VERMEESCH, 2012) WERE CALCULATED. 
THERE APPEAR TO BE UP TO 4 DIFFERENT EVENTS (I, II, III AND IV) THAT CAN BE RESOLVED WITH 
THIS AGE DATA. 
 
5.3.2. Apollo 16 group 3 samples – Pre- or Post-Imbrian?  
The younger age of 3770 ± 20 Ma previously proposed by Deutsch and Stöffler 
(1987) critically rests on the interpretation of a group of crystalline melt rocks 
that have resolvably younger ages, of which several (14310; Apollo 16 group 3 
samples 63549, 65055, 68415 and 68416) were also included in this study54. 
Deutsch and Stöffler (1987) argue that these samples come from “impact melt 
sheets of craters larger than 5-7 km”, which is consistent with the interpretation 
of these samples in this study (see section 5.1.6 and 5.1.7). The plateau ages55 
                                            
54
 The Apollo 16 group 3 samples also form a chemically and texturally distinct group, which additionally 
supports that they represent a distinct event (see section 5.1.5 and Norman et al, 2006) 
55
 14310: 3829 ± 15 Ma; Weighted average of 63549 and 65055 plateau ages, i.e. age of Apollo 16 group 
3: 3815 ± 19 Ma, MSWD: 0.36, p = 0.55 
270 
reported here for these samples also confirm that they are relatively young. 
However, Deutsch and Stöffler (1987) propose that these impact melt rocks are 
from craters that pre-date the Imbrium event56, which is inconsistent with the 
age of 3885 ± 8 Ma proposed here for the Imbrium event. Deutsch and Stöffler 
(1987) argue that those young impact melt rocks “cannot be derived from local 
post-Imbrium impact craters” (which was for example proposed by Reimold et 
al., 1985) because there are no possible post-Imbrium source craters in the 
vicinity of the landing sites (90 x 90 km for Apollo 14; 60 x 60 km for Apollo 16). 
However, it is also possible that these samples are “exotic” to the landing site 
(Reimold et al., 1985), and that they could therefore represent an interior impact 
melt sheet of a crater distant to the landing site. Figure 5-11 shows that the 
Group 3 samples sit within the compositional fields that give the average 
composition of the feldspathic highlands, a lithology covering large areas of the 
Moon (see section 2.1.2), especially around the Apollo 16 landing site. Thus 
those samples could be sourced from a non-local crater (i.e. not within the 60 x 
60 km area around the Apollo 16 landing site excluded via photogeologic 
observation by Deutsch and Stöffler, 1987). Overall, an origin of the group 3 
samples, as well as sample 14310, from interior melt sheets of post-Imbrian 
craters (Reimold et al., 1985; Wilhelms et al., 1987) is favoured in this study, 
with the four group 3 samples being cogenetic, i.e. coming from the same melt 
sheet (see section 5.1.6).  
The ISr values of the group 3 samples are within error identical, and their slight 
difference in INd is not significant if the overall reproducibility of the Nd 
measurements (see section 3.3.3) is taken into account. As can be seen in 
FIGURE 5-4 the ISr and INd are consistent with the mixing of a feldspathic 
highland component and small amounts (~10 %) of a KREEP component. 
However, the chemical differences between the group 3 samples do not mirror 
the homogeneity observed in the isotopic data. For example, there are slight 
differences in the Al2O3 contents of the samples. If these differences were the 
result of differing amount of feldspathic highland materials in the samples, one 
would expect the ISr to decrease with increasing Al2O3 content, as the general 
mixing trend between FHT-rich and KREEP-rich samples in the Apollo 16 
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 The argument goes on as follows: If these rocks are pre-Imbrian, then their age (3710 to 3810 Ma) is 
an upper age limit for the Imbrium event, hence Imbrium event happened 3770 Ma or later. 
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impact melt rocks indicates (FIGURE 5-12). As this is not the case, the 
compositional differences might be the result of fractional crystallisation of an 
impact melt sheet, a possibility that is discussed in more detail in section 5.4. 
As in Liu et al. (2015), the HSE compositions of group 3 samples in this study 
are most concordant with an enstatite or ordinary-chondrite-like impactor 
(FIGURE 4-12 C). The similar HSE signatures in the group 3 samples are also 
another point to strengthen the argument of a cogenetic relationship of these 
samples. 
 
5.3.3. Apollo 16 Subgroup 2F – A variety of impacts 
The youngest and oldest events resolved in this study (event IV and I in FIGURE 
5-10) are represented by only one plateau age each, those of sample 61016 
(3644 ± 42 Ma) and sample 61156 (3950 ± 24 Ma), respectively. Both of these 
samples belong to compositional subgroup 2F, together with sample 60335. 
However, the fact that these samples belong to the same subgroup does not 
necessarily imply a cogenetic relationship in this case, because subgroup 2F is 
not as compositionally restricted as other subgroups such as 2DB and 2NR. In 
fact, the subgroup 2F (and 2M) originated from combining group 2 samples that 
did not fit into any of the other subgroups (2DB, 2NR, 2Mo), “for convenience of 
discussion” (Korotev, 1994). It is therefore not surprising that those samples are 
petrographically different, with 61016 being clast-rich with a subophitic texture, 
61156 being clast-rich with a poikilitic texture, and 60335 being poorer in clasts 
and exhibiting a range of textures (FIGURE 2-81).  
The minimum age estimate for sample 60335 (≥ 3877 ± 35 Ma; TABLE 4-45) is 
not concordant with the age of 61016 (3644 ± 42 Ma), but it is with the age of 
61156 (3950 ± 24 Ma). However, this minimum age of 60335 would also be 
concordant with the ages of the mafic melt breccias (see section 5.3.1), or it 
could potentially represent a separate event. The relatively high Ni and Co 
contents (FIGURE 4-9) of sample 60335, its HSE pattern (FIGURE 4-12) and the 
HSE contents of metal beads from 60335 (FIGURE 4-10 to FIGURE 4-12) 
suggest that the sample carries a similar or the same impactor signature as the 
mafic melt breccias (see section 5.3.1), and the INd value of 60335 is 
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indistinguishable from most of the mafic melt breccias (FIGURE 5-4). These 
observations tend to support a cogenetic relationship of 60335 with the mafic 
melt breccias. 
The poikilitic texture of the melt matrix of sample 61156 indicates a relatively 
slow cooling during crystallisation, which implies that the sample comes from a 
relatively large melt body (see section 5.1.5). In addition, the high abundance of 
clasts in this sample (FIGURE 2-81) suggests that it is either from an exterior 
melt deposit or from the lower (clast-rich) part of an interior melt deposit (see 
section 5.1.3). As mentioned in section 4.1.1.3, the chemical composition of the 
sample split studied here seems to be strongly affected by excess plagioclase 
even though the analysed sample split did not visually indicate a large 
abundance of clasts. The Rb-Sr isotopic signatures of the split analysed for this 
study also implies a composition that is depleted in KREEP (FIGURE 5-4) 
compared to other analyses of the sample in the literature (see FIGURE 4-53). 
However, the presence of this KREEP component (even if low in the analysed 
split) implies a source for 61156 in the PKT, as discussed above. A similar 
relationship was observed in the 4.2 Ga impact melt rock 67955 (Norman et al., 
2016), and may suggest that 61156 is a cumulate that has lost a small fraction 
of residual KREEP-rich melt. Overall, sample 61156 could represent an exterior 
impact melt deposit of a large or basin-scale event in the PKT that pre-dates the 
formation of the mafic melt breccias. It could also represent an interior impact 
melt deposit from a smaller-scale event either in the PKT or a region of the FHT 
in which KREEPy materials had been deposited previously. Thus, even though 
the oldest plateau age in this study was obtained from this sample, the size of 
the event that produced it (i.e., crater vs. basin) remains unclear. 
The subophitic texture of the melt matrix in sample 61016 indicates a relatively 
fast cooling, due either to chilling of the melt by the abundant clasts and/or to 
crystallisation of a relatively small body of melt. Thus the sample represents 
most likely an interior melt deposit of a small crater or an exterior melt deposit of 
a large crater or basin, as these kinds of melt deposits are the most likely to be 
clast-rich and rapidly cooled (see section 5.1.3 and section 5.1.5). According to 
Meyer (2012) the melt rock part of 61016 is high in Al2O3 and KREEP content, 
which would be an unusual combination. However, the sample split studied 
here does not show an anomalous ratio between its aluminous and KREEPy 
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composition (Al2O3 = 25.7 wt%, La = 15.5 ppm; FIGURE 4-5). However, the 
sample is unusual compared to most other Apollo 16 impact melt rocks, and 
especially compared to other subgroup 2F rocks, as it has a high mafic content 
compared to its KREEP content (FeO+MgO = 15.9 wt%, K2O = 0.07 wt%; 
FIGURE 4-3) and high Mg# for its Al2O3 content (Mg# = 0.8, Al2O3 = 25.7 wt%; 
FIGURE 4-2). This suggests that sample 61016 may be a mixture of a 
feldspathic material such as found in the FHT with a component of Mg-suite 
lithologies rather than KREEP. The presence of Mg-suite lithologies in the 
source terrane is supported by the Rb-Sr isotopic compositions of 61016, as 
they shows an intermediate ISr value coupled with a low 
87Rb/86Sr ratio (FIGURE 
4-52), similar to the Mg-suite norite from Shih et al. (1993). In contrast, the 
ϵ143Nd,𝑖 and 
147Sm/143Nd ratio of 61016 is similar to KREEP and Mg-suite 
signatures (FIGURE 4-54), with the INd being the second lowest of any of sample 
studied here (FIGURE 5-4). The lowest INd is that of sample 62295
57, which 
belongs to the mafic melt breccias, and was dated here to be 3886 ± 25 Ma. 
This sample has a unique petrography (olivine-plagioclase vitrophyre) and its 
chemical composition is consistent with the presence of an Mg-suite 
component58. The here determined formation age of sample 62295 (3886 ± 25 
Ma), which most likely reflects the time this sample was deposited as Imbrium 
ejecta in the vicinity of the Apollo 16 landing site (section 5.3.1), is older than 
the age of sample 61016 (3644 ± 42 Ma). Thus, Mg-suite like materials, such as 
62295, were likely present around the Apollo 16 landing site prior to the 
formation of sample 61016. Therefore, 61016 could have been created in a 
smaller impact event in the lunar highlands around the Apollo 16 landing site, as 
all precursor materials (FHT and Mg-suite materials) were present. 
                                            
57
 Corrected for neutron flux capture effects. 
58
 High Mg# = 0.81; High FeO+MgO = 21.32 wt% and low K2O = 0.09 wt%; Relatively low 
87
Rb/
86
Sr = 
0.1008 ± 0.0003, relative to the high ISr = 0.700297 ± 0.00003 (see FIGURE 4-52) 
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Figure 5-11: TH-FEO PLOT OF STUDIED SAMPLES AND LITERATURE DATA. SAMPLE SYMBOLS AS 
IN TABLE 4-6. THE RANGE OF THE 2Ϭ RELATIVE STANDARD DEVIATION (3% FEO, 4% TH) OF THE 
STUDIED SAMPLES IS SHOWN IN THE TOP RIGHT CORNER. COLOURED SQUARES INDICATE THE 
MEAN CONCENTRATIONS IN THE CRUSTAL TERRANES AS EXPOSED AT THE LUNAR SURFACE (DATA 
FROM JOLLIFF ET AL. (2000)). THE GREY TRIANGLE (FROM JOLLIFF ET AL. (2000)) REPRESENTS 
A REFLECTION OF THE TERNARY DIAGRAM SHOWN IN FIGURE 2-3 IN THE TWO DIMENSIONAL 
SPACE OF TH AND FEO. THE TRIANGLE SPANS BETWEEN THE TYPICAL COMPOSITIONS OF 
FELDSPATHIC UPPER CRUSTAL MATERIALS (LOW FEO; LOW TH), MARE BASALTS AND VOLCANIC 
GLASSES (HIGH FEO; LOW TH) AND KREEPY MATERIALS (INTERMEDIATE FEO; HIGH TH). THE 
COMPOSITIONAL FIELDS OF SOILS FROM APOLLO 14, 16 AND 17 (FROM JOLLIFF ET AL. (2000)) 
ARE BASED ON DATA OF RETURNED APOLLO SOIL SAMPLES. 
 
 
  
275 
 
FIGURE 5-12: PLOT OF INITIAL 
87
SR/
86
SR RATIO (ISR) VS. AL2O3 CONCENTRATIONS OF THE 
STUDIED APOLLO 16 IMPACT MELT ROCKS. ISR VALUES ARE CALCULATED ASSUMING AN AGE OF 
3.885 GA. THE UNCERTAINTIES GIVE THE 2Ϭ STANDARD ERRORS OF THE ISR AND THE 1Ϭ 
STANDARD VARIATION (3%) OF THE AL2O3 CONCENTRATIONS.  
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5.3.4. Do the samples record a lunar cataclysm? 
As discussed in the previous sections, the data presented here strongly support 
the interpretation that the melt rocks with ages around and younger than 3800 
Ma probably represent smaller impact craters (section 5.3.2 and section 5.3.3) 
while most of the samples with ages close to 3900 Ma likely are from exterior 
impact melt deposits of a single basin-scale event, which was probably Imbrium 
(section 5.3.1). There is also one sample with a slightly older age resolved 
(61156), but the split studied here is unusual and apparently not representative 
of the whole rock (see section 4.1.1.3). Therefore the size and location of the 
source crater or basin that formed 61156 cannot be constrained with certainty 
(see section 5.3.3). 
The samples representing the basin-scale impact event are the mafic melt 
breccias from the Apollo 16 landing site. Mafic melt breccias are also found at 
other landing sites, and it has been suggested that nearly all of these samples 
were created in the same impact event (Haskin et al., 1998). On the other hand, 
impact melt breccias at the Apollo 17 landing in general (and thus the Apollo 17 
mafic melt breccias) belong to a different chemical trend than at the Apollo 16 
impact melt breccias, which might indicate that the samples at these two 
landing sites stem from different impact events (Norman, 2005). However, as 
discussed in section 5.1.4, in basin-scale impact events, target lithology 
heterogeneity might be (at least partly) preserved. This could mean that impact 
melt ejected into different directions by a basin scale impact event is 
compositionally different (see Figure 3 in Haskin et al., 1998). This in turn, could 
explain the compositionally different trends observed for the Apollo 16 and 17 
landing site in case they were created by the same impact event. 
All of the melt rocks from the Apollo 17 landing site studied here also belong to 
the group of mafic melt breccias (Korotev, 2000) and the ages that have been 
determined for their melt matrix are consistent with the calculated age for the 
Apollo 16 mafic melt breccias of 3885 ± 8 Ma (section 5.3.1). A Rb-Sr model 
age of sample 72215 (3921 ± 30 Ma) and a Rb-Sr isochron age of sample 
76055 (3841 ± 40 Ma) are both within error identical with the age of Imbrium 
proposed here (3885 ± 8 Ma), although apparent ages obtained from U-Pb 
dating of phosphates in some Apollo 17 melt rocks are resolvably older 
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(Thiessen et al., 2017). Other available age data are based on Ar data, and 
most of them are significantly older than the age inferred here for the Apollo 16 
mafic melt breccias (see section 4.2.6). However, it is possible that the Apollo 
17 samples were not completely outgassed during their formation as they likely 
cooled relatively fast (see section 2.4), which would mean that the Ar data 
would tend to give maximum age estimate for the formation of these samples. 
This notion is supported by the fact that for both samples for which Rb-Sr ages 
have been acquired, the Ar age estimates are older (TABLE 4-38 and TABLE 
4-42). A possible interpretation of this observation is that the Rb-Sr system was 
homogenised, but not all Ar was degassed during the melt-forming event. In 
addition to the age data, the Sr-Nd isotopic signatures of the Apollo 17 mafic 
melt breccias are very similar or identical to those of the Apollo 16 mafic melt 
breccias (FIGURE 5-4), also consistent with a cogenetic relationship. However, if 
the KREEP reservoir is isotopically homogenous throughout the Moon, this 
could still allow for the Apollo 17 mafic melt breccias to stem from an impact 
other than that which formed the Apollo 16 mafic melt breccias.  
The HSE patterns of Apollo 17 mafic melt breccias obtained in this study appear 
to be similarly but not as strongly fractionated than the Apollo 16 mafic melt 
breccias (FIGURE 4-12 A/B/D). However, the HSE concentrations are 
significantly lower than in most of the Apollo 16 mafic melt breccias (FIGURE 
4-10), and due to the lower degree of fractionation the HSE compositions are 
also concordant with a chondritic impactor (FIGURE 4-10 and FIGURE 4-11). A 
chondritic impactor (EH chondrite) for Apollo 17 impact melt rocks was also 
inferred by Norman et al. (2002). However, as preservation of target lithology 
heterogeneity is required for a cogenetic relationship between the mafic melt 
breccias at the Apollo 16 and 17 landing site, impactor signature heterogeneity 
cannot be used to exclude the possibility of a cogenetic relationship. Firstly, if 
melt homogenisation does not take place in basin scale impact events to the 
same degree as in smaller impact events (section 5.1.4), then the impactor 
signature of the melt forming event causing impactor is likely also not 
homogenised throughout the melt body. Secondly, the observed HSE 
compositions might be the result of accumulation of older impactor signatures 
(Liu et al., 2015) in the target lithology, in which case target lithology 
homogenisation would be required to homogenise the various HSE signatures 
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throughout the melt body. Overall, the Apollo 17 mafic melt breccias HSE 
signatures do not strengthen the case for a cogenetic relationship with the mafic 
melt breccias of the Apollo 16 landing site, but can also not be used to infer a 
non-cogenetic origin. 
For this study, I was provided with a literature compilation of reliable Ar age 
data of lunar impact melt rocks by Dr. Marion Grange and Dr. Fred Jourdan 
(Grange et al., 2010). Dr. Jourdan and I updated the compilation to include data 
that were not available at the time of compilation, and this updated version can 
be found in TABLE 5-4. There are no age data of impact melt rocks in the 
compilation other than from the Apollo 15, 16 and 17 landing site, as none of 
the Ar age data available for samples from the other landing sites (along with 
many of the Ar data on samples from the Apollo 15, 1659 and 17 landing sites) 
meet the strict quality criteria applied to this compilation (see section 4.2.1 and 
Grange et al., 2010). These criteria were applied to allow the best degree of 
comparability to the here obtained age data, to which the same criteria were 
applied. Histograms using the plateau age data from the literature compilation 
alongside the plateau ages obtained in this study are shown in FIGURE 5-13. 
The age data from the literature compilation support the notion that only one 
large, probably basin-scale impact dominates in the Apollo 16 and 17 impact 
melt rocks, and the Apollo impact melt rocks in general. Older ages, recorded in 
FHT materials (TABLE 5-4), all stem from three recent publications (Fernandes 
et al., 2013; Norman et al., 2010) that targeted feldspathic breccias, clasts and 
soil fragments, which allowed them to date samples that preserve isotopic 
evidence for pre--4.0 Ga impact events.  
Also listed in the literature compilation are some Ar ages for Apollo 15 and 17 
impact melt rocks from Dalrymple and Ryder (1993, 1996) which have been 
used to constrain a possible age for Imbrium at 3850 ± 20 Ma60 and for 
Serenitatis at 3893 ± 9 Ma (Stöffler et al., 2006). None of these ages constitute 
a plateau age under the here applied criteria, but some are considered a mini-
                                            
59
 For example, the Ar data for Apollo 16 impact melt rocks from Jessberger et al. (1974), which have 
been interpreted to represent several basin impact events, were all rejected using the applied criteria. 
This does not mean that those Ar ages cannot be used to constrain the age of the dated samples, nor is 
it a rejection of the possibility that those samples could represent several different basin impacts. The 
compilation is merely a very conservative estimate of “actual formation ages” in the lunar literature. 
60
 Age according to modern flux monitor about 1.5% older (Norman et all., 2006). Recalculation will be 
discussed below. 
279 
plateau age, and therefore a minimum age estimate for the formation of the 
samples (see section 4.2.1). The recalculated mini-plateau (mp) ages of the 
Apollo 15 samples (from Dalrymple and Ryder, 1993), which have been used to 
constrain the Imbrium event (Stöffler et al., 2006), range from 3911 ± 41 to 3926 
± 41 Ma (TABLE 5-4) and are all concordant with the here proposed age for the 
Imbrium event of 3885 ± 8 Ma. However, as these are minimum age estimates, 
it is possible that these Apollo 15 samples actually record an older event. Only 
one of the Ar ages of the Apollo 17 samples (from Dalrymple and Ryder, 1996), 
which have been used to constrain the Serenitatis event (Stöffler et al., 2006), 
fit the criteria for a mp-age (72255: 4000 ± 42 Ma; TABLE 5-4). Thus, if this 
sample represents Serenitatis, this would mean that this basin formed about 4 
Ga or even earlier. 
The here inferred age for Imbrium of 3885 ± 8 Ma is slightly younger than the 
age of 3909 ± 13 Ma proposed by Gnos et al. (2004) for the Imbrium event. 
However, this age is a weighted average age from 12 207Pb/206Pb zircon ages, 
which individually are all within error identical to the here proposed age. 
Furthermore, for the calculation of the Ar ages in this study the 40K decay 
constant from Steiger and Jäger (1977) was used. While this decay constant 
has long been used, it will need updating in the future, once a consensus is 
reached on a better constrained constant, which likely will increase ages by 
about 1-2% (Jourdan, 2012). Increasing the here proposed age of 3885 ± 8 Ma 
by 1%, gives an age of 3924 ± 8 Ma, and makes it within error identical to the 
age of Gnos et al. (2004). That age was obtained for lunar meteorite SaU 169, 
which was most likely sourced from the Lalande impact crater on the lunar 
nearside. The age of 3924 ± 8 Ma would also be consistent with weighted 
average U-Pb ages of 3926 ± 3 Ma in apatites from Apollo 14 breccias 
(Nemchin et al., 2009), 3.92-3.93 Ga in apatites from Apollo 17 breccias 
(Thiessen et al., 2017), and of 3838 ± 4 Ma in Ca-phosphates (Merle et al., 
2014), which have been found in Apollo 14 breccias and also been interpreted 
to represent the age of Imbrium. Finding the same age being recorded at the 
Apollo 14, 16 and 17 landing site, as well as in the Lalande crater, supports the 
notion that the lunar sample collection from the nearside of the Moon is strongly 
biased towards samples from one large impact event, most likely the Imbrium 
basin (Haskin et al., 1998; Lineweaver and Norman, 2009). 
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Overall, I conclude that the samples studied here combined with data from the 
literature provide evidence for only one basin-scale impact event being 
recorded in Apollo impact melt rocks subsequent to 4.0 Ga, and that this basin 
impact happened, depending on the 40K decay constant, either at 3885 ± 8 Ma 
or at 3924 ± 8 Ma. This weakens the case for a lunar cataclysm, which in its 
current form requires basins ranging in relative age from Serenitatis to 
Nectaris61 to all be younger than 4.0 Ga (Lineweaver and Norman, 2009), and 
strengthens the notion that a majority of crystalline impact melt rocks stem from 
one basin-scale event, which is most likely the one that formed the Imbrium 
basin (Haskin et al., 1998).  
  
                                            
61
 After the stratigraphy of Wilhelms et al. (1987). “Nectaris to Serenitatis” after the stratigraphy 
proposed by Fassett et al. (2012) 
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FIGURE 5-13: HISTOGRAMS OF AR-PLATEAU AGES OBTAINED IN THIS STUDY AND COMPILED 
FROM LITERATURE DATA (Table 5-4). TOP PANEL: THE 2 AGES OF APOLLO 16 GROUP 3 SAMPLES 
(THIS STUDY) GIVE A WEIGHTED AVERAGE OF 3815 ± 18 MA. THE AGES OF SAMPLES 14310, 
61016 AND 61156 ARE FROM THIS STUDY AND OF 64817 IS FROM NORMAN ET AL. (2006). 
MIDDLE PANEL: THE 7 AGES OF MAFIC MELT BRECCIAS (THIS STUDY; JESSBERGER ET AL., 1977B; 
NORMAN ET AL., 2006) GIVE A WEIGHTED AVERAGE OF 3886 ± 8 MA. BOTTOM PANEL: THE 8 
AGES OF ANCIENT FELDSPATHIC MATERIALS (NORMAN ET AL., 2006; NORMAN ET AL., 2010; 
FERNANDES ET AL., 2013) GIVE A WEIGHTED AVERAGE OF 4221 ± 23 MA. THE 4 PLATEAU AGES 
OF SAMPLE 67016 ARE FROM NORMAN ET AL. (2010). 
282 
TABLE 5-4: THIS TABLE LISTS A COMPILATION OF RELIABLE AND RECALCULATED PLATEAU AND MINI-PLATEAU AGES OF PUBLISHED 
40
AR/
39
AR DATA. THE 
COMPILATION WAS PROVIDED BY DR. MARION GRANGE AND DR. FRED JOURDAN AND UPDATED (COMPARED TO AN EARLIER VERSION; GRANGE ET AL., 2010) TO 
INCLUDE DATA FROM NORMAN ET AL. (2010) AND FERNANDES ET AL. (2013). INCLUDED IN THIS COMPILATION ARE ONLY AGES THAT SATISFY THE CONDITIONS FOR 
PLATEAU/MINI-PLATEAU AGES THAT WERE USED FOR THE SAMPLES IN THIS STUDY AS WELL (SEE SECTION 4.2). IT ALSO ONLY INCLUDES DATA FROM PUBLICATIONS 
THAT PROVIDED ALL NECESSARY DATA TO REPLOT AND RECALCULATE THE AR RELEASE SPECTRA TO ACCOUNT FOR CHANGES IN FLUX MONITOR AGES (USED 
VALUES AS IN SECTION 4.2.2). THESE REPLOTTED AND RECALCULATED AGE DATA ARE LISTED HERE. “SAMPLE DESCRIPTION” GIVES A SHORT DESCRIPTION OF THE 
SAMPLE. “PLATEAU” SHOWS WHETHER THE PLATEAU IS CONSIDERED A PLATEAU (>70 % OF THE RELEASE 
39
AR) OR A MINI-PLATEAU (50 TO <70% OF THE 
RELEASED 
39
AR). “MSWD” GIVES THE MEAN SQUARE WEIGHTED DEVIATION FOR THE OBTAINED PLATEAU, WHILE “P” GIVES THE PROBABILITY OF FIT (OR P-VALUE) 
FOR THE OBTAINED PLATEAU. IF THE P-VALUE IS > 0.05 A PLATEAU IS CONSIDERED TO BE STATICALLY SIGNIFICANT. “AGE” GIVES THE AGE THAT WAS DERIVED 
FROM THE OBTAINED PLATEAU. “IE” AND “”EE” GIVE THE 2Ϭ INTERNAL ERROR AND EXTERNAL ERROR RESPECTIVELY. “SOURCE” REFERENCES THE PUBLICATION 
FROM WHICH THE AGE WAS TAKEN. THE BOLD AGE DATA ARE THE PLATEAU AGES USED IN THE HISTOGRAMS IN FIGURE 5-13.  
Sample Split Sample Description 
Plateau 
Source 
Plateau MSWD P 
Age 
[Ma] 
IE [Ma] EE [Ma] 
65015 n.a. mafic poikilitic melt rock 
Plateau 
 
1.4 0.15 3909 34 36 
Norman et al. (2006) 63525-2 (replicate) melt rock 1.3 0.18 4240 35 37 
64817 n.a. aluminous subophitic MR 1.2 0.29 3890 38 39 
67016 
383 B 
feldspathic fragmental breccia 
0.69 0.78 3915 39 40 
Norman et al. (2010) 
383 C 0.79 0.69 3919 39 40 
392 B 1.6 0.071 4064 36 38 
393 D 0.64 0.77 4177 46 46 
63503 
11 
anorthosite 
0.95 0.5 4257 69 71 
Fernandes et al. (2013) 
15 0.55 0.94 4221 191 193 
9,a 0.72 0.79 4231 70 72 
4 polymict breccia 0.75 0.74 4197 191 191 
78155 1a noritic anorthosite 0.56 0.95 4221 191 191 
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78235 139,1 norite 0.84 0.55 4214 68 70 
73215 46,7,3 vesicular black aphanite clast 1.04 0.41 3917 51 53 
Jessberger et al. 
(1977b) 
15304 7,69 impact melt rock 
Mini-
plateau 
n.a. n.a. 3926 40 41 
Dalrymple and Ryder 
(1993) 
n.a. n.a. 3911 40 40 
n.a. n.a. 3925 40 41 
15314 26,156 impact melt rock n.a. n.a. 3925 40 40 
15359 12 impact melt rock n.a. n.a. 3920 40 41 
67015 320 feldspathic melt rock n.a. n.a. 3921 40 42 Marvin et al. (1987) 
61569 n.a. aluminous poikilitic melt rock 0.7 0.79 3847 26 28 
Norman et al. (2006) 
63549-2 (replicate) melt rock 1.15 0.31 3899 21 23 
63596 n.a. 
mafic poikilitic melt rock 
0.39 0.99 3915 30 32 
64568 n.a. 1.3 0.19 3927 21 24 
64576 n.a. troctolitic vitrophyre melt rock 1.6 0.084 3907 22 25 
64815 n.a. meta-poikilitic melt rock 1.5 0.099 3936 22 25 
64816 n.a. mafic poikilitic melt rock 0.93 0.5 3907 27 29 
67455 
271 B 
feldspathic fragmental breccia 
1.3 0.23 3953 31 34 
Norman et al. (2010) 
271 C 0.35 0.91 4031 36 37 
273 B 0.75 0.65 4049 35 37 
273 C 0.52 0.89 4017 34 37 
275 B 0.93 0.55 3834 39 40 
277 B 1.03 0.42 4050 36 38 
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67016 
384X B 1.4 0.13 3895 40 41 
385 C 0.47 0.93 4078 54 55 
386 C 0.72 0.77 4141 22 25 
390 C 1.3 0.26 3925 32 34 
63503 
1 polymict breccia 1.6 0.11 3893 64 65 
Fernandes et al. (2013) 
13 noritic anorthosite 1.5 0.16 4312 72 74 
72255 282B aphanitic melt 1.5 0.19 4000 41 42 
Dalrymple and Ryder 
(1996) 
73215 73,1 aphanitic 
impact melt 
breccia 
grey matrix 2.2 0.056 4094 59 61 Jessberger et al. (1976) 
73255 29,9002 
vesicular breccia 
rind 
0.052 0.98 3869 40 42 
Jessberger et al. 
(1978a) 
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5.4. Differentiation of lunar impact melt bodies? 
Most of the compositional variations between lunar impact melt rocks are 
believed to be the result of the mixing of different lithologies. However, the 
possibility that the chemical difference between some cogenetic samples could 
be the result of igneous processes – either before or after the melt forming 
impact event – cannot be excluded a priori. As mentioned earlier (section 5.3.1 
and 5.3.2) the samples in group 2M studied here as well as those in group 3 
have identical ISr and INd values as other samples in the same group, despite 
differences in their chemical compositions. This indicates that the isotopic 
systems in the parent melt bodies of these samples were homogenised, which 
suggests that the same should be true for their chemical compositions as well. 
However, chemical differences within those groups are observed, which could 
be the result of fractional crystallisation, as in such a case the chemical 
composition of the samples can differ, while the initial isotope ratios would be 
the same in each sample.  
To test for this possibility the major element data were used to calculate 
normative mineralogy contents of anorthite, olivine (Mg#=0.7) and silica. This 
allows plotting the data in the context of a quasi-ternary phase diagram for 
which experimental data on phase equilibria under lunar crustal conditions (low 
pressure [1 bar], low oxygen fugacity) have been determined by Walker et al. 
(1973; 1972). The liquidus curves from Walker et al (1973) are shown alongside 
the calculated normative mineralogy contents of the samples studied here in 
FIGURE 5-14. In case of a relationship by fractional crystallisation, the samples 
within group 3 and group 2M should fall along one of the liquidus lines or show 
a trend that is consistent with the removal of plagioclase, as their major element 
compositions all fall within the plagioclase stability field on this phase diagram. 
However, neither group shows such a trend, which argues against a fractional 
crystallisation relationship.  
The experimentally determined liquidus curves from Walker et al (1973) were 
determined using lunar melt rocks of varying major and trace element 
compositions, and thus the determined liquidus curves are not specific for any 
single melt composition. To illustrate this, liquidus curves were calculated with 
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pMELTS62 using melt compositions only containing the major element 
components that are displayed in the pseudo-ternary diagram (SiO2, Al2O3, 
FeOt, MgO, CaO) and simulating a low pressure and low oxygen fugacity 
environment63. The curves were determined as follows: cotectic compositions 
were calculated from the compositions studied by Walker et al. (1973) and the 
Mg# was adjusted to have a value of 0.7, to match the average Mg# of the data 
of Walker et al. (1973), by iteration. The liquidus curves are the connections 
between those calculated cotectic compositions, and are shown in FIGURE 5-14 
alongside the experimentally determined curves. The calculated curves differ 
from the experimentally determined curves of Walker et al. (1973), as they 
represent the liquidus curves of a pure SiO2-Al2O3-FeO-MgO-CaO system, 
while the experimental data are based on samples that contain differing amount 
of other components, such as TiO2, MnO, Na2O and K2O. The abundance and 
amount of those additional components can affect the location of the different 
mineral stability fields, as demonstrated by Walker et al. (1972), who showed 
that the addition of Na2O affected the occurrence of orthopyroxene and olivine 
for a given melt composition.  
To account for the effect of differing major element compositions, crystallisation 
paths were calculated that reflect the compositions of the group 3 and 2M 
samples. It was assumed that the sample with the lowest REE concentrations 
(63549 for group 3, 67095 for group 2M) represents the composition of the 
parental melt. The calculated paths are shown in FIGURE 5-15 for group 3 and 
in FIGURE 5-16 for group 2M.  
  
                                            
62
 pMELTS 5.6.1 for Mac 
63
 Using the following options in pMELTS: Entering molar data → “f O2 constraints” set to “Fe-FeO” → 
“Compute Redox State” [i.e. low oxygen fugacity]→ “Normalize” → “f O2 constraints” set to “Absent” → 
“Find Liquidus” → “Execute” 
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FIGURE 5-14: PSEUDO-TERNARY LIQUIDUS DIAGRAM, DEPICTING THE CRYSTALLISATION PATHS 
OF MELTS WITH TYPICAL LUNAR ROCK COMPOSITION AND UNDER TYPICAL LUNAR CRUSTAL 
CONDITIONS (I.E. LOW PRESSURE AND LOW OXYGEN FUGACITY). THE BOLD, GREY AND DASHED 
LINES INDICATE THE LIQUIDUS CURVES AS FOUND BY WALKER ET AL. (1973) THROUGH 
EXPERIMENTAL STUDIES. THE NAMING OF THE DIFFERENT MINERAL STABILITY FIELDS REFERS TO 
THESE LIQUIDUS LINES. THE THIN, BLACK AND DASH DOTTED LINES INDICATE THE LIQUIDUS 
CURVES AS DETERMINED WITH PMELTS USING A LOW OXYGEN FUGACITY AND A CONSTANT MG# 
OF 0.7. THE SHOWN SAMPLES ARE THE APOLLO 16 SAMPLES FROM THIS STUDY. DIFFERING 
SYMBOL SIZES ARE FOR ILLUSTRATIVE REASONS ONLY. THE CALCULATION OF THE MOLAR 
PROPORTIONS OF THE THREE ENDMEMBERS YIELDED SLIGHTLY NEGATIVE VALUES FOR THE 
SILICA CONTENT OF TWO SAMPLES (62255 MG AND 63355) ON THE OLIVINE-ANORTHOSITE 
CONJUNCTION. THESE NEGATIVE VALUES WERE SET TO ZERO. 
 
5.4.1. Group 3 samples – Different stages of a fractionating melt? 
The fractionation path for a melt with the composition of 63549 passes close to 
the measured compositions of 65055 as well as that of 68415 and 68416. This 
could suggest that the former formed from a melt that experienced about 4% 
fractional crystallisation while the latter two formed from a melt after 10-20% 
crystallisation. The REE abundances in these samples suggest a similar, but 
slightly lower degree of crystallisation (0–3 % for sample 65055; 4-9% for 
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68415; 5-12% for 68416)64. According to the calculated fractionation path, the 
first phase to crystallise would be spinel. The coexisting liquid in this early stage 
has a density65 of about 2.65 g/cm3 while the spinel has a density of about 3.55 
g/cm3, a density difference that should allow for efficient crystal settling. 
However, there is only a small difference between the calculated density of the 
crystallising plagioclase (2.69 g/cm3) and the coexisting liquid (2.65 g/cm3) once 
plagioclase begins to crystallise, which would make fractionation much less 
efficient. Therefore, sample 68415 and 68416 might represent the most 
fractionated portion of the melt body, as segregation of crystals from the melt 
might have slowed or ceased after plagioclase saturation. This could also 
explain why olivine is found in those two samples, but not in 65055 and 63549 
(Vaniman and Papike, 1980). If fractionation did not occur once the composition 
of 68415 and 68416 was reached, the mode of crystallisation would be closer to 
equilibrium, which would allow the crystallisation of olivine without the overall 
composition of the rock having to reach the plagioclase-olivine cotectic. 
Vaniman and Papike (1980) also note that the coarser grained (i.e. slower 
cooled) sample 68416 contains orthopyroxene, while the finer grained (i.e. 
faster cooled) sample 68415 does not, despite both samples being chemically 
almost identical. This is consistent with those samples crystallising from a 
homogenous melt body under near-equilibrium crystallisation conditions, as a 
slower cooling of sample 68416 might in this case allow the recrystallisation 
from olivine to pyroxene.  
In the outlined scenario, sample 63549 and 65055 would crystallise from a 
portion of the parent melt body that is not or less affected by fractional 
crystallisation, than the part from which 68415 and 68416 formed. This is 
consistent with those samples being finer grained (i.e. faster cooled) than 
samples 68415 and 68416, as more rapid cooling would mean that there was 
less opportunity for fractionation to occur.  
                                            
64
 Those numbers were calculated assuming the initial REE composition of the melt were those of 
sample 63549. The degree of fractionation was than calculated from the ratio of the concentration of an 
REE in sample 63549 and in the respective sample.  
65
 Used densities are those calculated by pMELTS. 
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FIGURE 5-15: PSEUDO-TERNARY LIQUIDUS DIAGRAM, DEPICTING THE CRYSTALLISATION PATH 
(BLACK LINE) OF A MELT WITH THE COMPOSITION OF SAMPLE 63549. THE PERCENTAGES GIVE 
THE AMOUNT OF MELT LEFT. THE BOLD, GREY AND DASHED LINES INDICATE THE LIQUIDUS 
CURVES AS FOUND BY WALKER ET AL. (1973) THROUGH EXPERIMENTAL STUDIES. THE NAMING 
OF THE DIFFERENT MINERAL STABILITY FIELDS REFERS TO THESE LIQUIDUS LINES. THE SHOWN 
SAMPLES ARE THE APOLLO 16 GROUP 3 SAMPLES FROM THIS STUDY. DIFFERING SYMBOL SIZES 
ARE FOR ILLUSTRATIVE REASONS ONLY. 
 
5.4.2. Group 2M – Formation of a crystal cumulate? 
The calculated fractionation path of a melt with the composition of 67095 
(FIGURE 5-16) cannot reproduce the composition of 65075. While sample 65075 
has a higher REE content (La = 27.5 ppm vs. 21.7 ppm for 67095), and 
therefore is assumed to be more fractionated, it also has a higher Al2O3 content 
(65075: 22.7 wt%; 67095: 20.3 wt%), which would indicate that it represents the 
less fractionated melt, as illustrated by its crystallisation path in FIGURE 5-16. 
This inconsistency between the major element chemistry and the REEs shows 
that the genetic relationship between the samples (if any exists) is not one 
between a less evolved vs. a more evolved melt (as seems to be the case for 
the group 3 samples). Interestingly, sample 67095 has a much higher Mg# 
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(0.79) than sample 65075 (0.68). This higher Mg# suggests that the sample 
might be a cumulate that formed early in a crystallisation sequence. There are 
no mineralogical data available for sample 67095, but in the thin sections in 
FIGURE 2-53 and FIGURE 2-54, the sample seems to be dominated by 
plagioclase and pyroxene. Both minerals can be coexistent during the 
crystallisation of melts with group 2M compositions. However, pyroxene forms 
relatively late down the crystallisation path (FIGURE 5-16), which is at odds with 
the Mg# value of the sample indicating an origin from early in the crystallisation 
sequence. As the 2M samples are relatively clast rich (FIGURE 2-81), it is 
possible that the melt from which they formed was undercooled due to in 
incooperation of clasts (see section 5.1.5). In this case, plagioclase and 
pyroxene could be the first mineral phases to crystallise, and might form a 
cumulate with an overall high Mg#. However, it is not clear what could drive the 
accumulation of the two mineral phases, due to the low density difference 
between plagioclase and the remaining liquid (see section 5.4.1). Thus, this 
scenario is highly speculative, therefore the homogeneity of the ISr data of these 
two samples at the suspected formation age might just be coincidental and the 
age estimation via the Rb-Sr isochron in section 5.3.1 should not be attributed 
with a high significance.  
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FIGURE 5-16: PSEUDO-TERNARY LIQUIDUS DIAGRAM, DEPICTING THE CRYSTALLISATION PATHS 
OF A MELT WITH THE COMPOSITION OF SAMPLE 67095 (BLACK LINE) AND 65075 (BLACK DASHED 
LINE). THE BOLD, GREY AND DASHED LINES INDICATE THE LIQUIDUS CURVES AS FOUND BY 
WALKER ET AL. (1973) THROUGH EXPERIMENTAL STUDIES. THE NAMING OF THE DIFFERENT 
MINERAL STABILITY FIELDS REFERS TO THESE LIQUIDUS LINES. THE SHOWN SAMPLES ARE THE 
APOLLO 16 SUB GROUP 2M SAMPLES FROM THIS STUDY. 
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5.4.3. Implications 
While the differentiation scenario outlined for the group 2M samples is 
speculative, the scenario for the group 3 samples seems plausible, as the 
isotopic and chemical data, as well as the petrography and mineralogy, are 
consistent with the calculated fractionation path. It should be noted here that 
Deutsch and Stöffler (1987) already mentioned that “the coarse-grained 
subophitic texture of [these] samples indicates that [they] were derived from a 
voluminous melt sheet which allowed slow cooling with the crystallisation 
sequence plagioclase-olivine-pyroxene; although, some samples are lacking 
olivine.” Clearly, the idea that the differences in mineralogy of the group 3 
samples could be due to fractional crystallisation in a melt sheet is not new, but 
the arguments laid out in section 5.4.1 provide a detailed model that explains 
the range of the observed compositional and mineralogical variations in group 3 
samples. 
Whether fractional crystallisation within lunar impact melt sheets actually did 
occur is a matter of debate even for those associated with basins (e.g. Spudis 
et al., 2014; Vaughan et al., 2013; Warren et al., 1996). Norman et al. (2016) 
recently provided evidence for crystal accumulation in an 4.2 Ga melt sheet 
likely associated with a pre-Imbrium basin, based on the trace element 
characteristics of plagioclase in a noritic anorthositic clast from breccia 67955. 
The model outlined in section 5.4.1 would be the first case in which the 
differentiation of a lunar impact melt was identified from a suite of whole rock 
samples, as well as the first case of differentiation being identified in a lunar 
sub-basin scale impact melt sheet.  
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6. Summary and Conclusions 
 
In the Introduction of this study, three major objectives were formulated. In this 
section the major findings relating to these objectives are summarised (section 
6.1). Thereafter, I will summarise what these findings tell about the LHB, and 
especially the scenario of the lunar cataclysm (section 6.2).  
 
6.1. Achieving the major objectives 
“(1) Distinguish melt rocks formed in basin-scale events (>300 km diameter) 
from those produced by craters (<300 km diameter) using a combination of 
petrography, geochemistry and age information.” 
The study found 5 resolvable events recorded in the Apollo 16 (4 events) and 
14 (1 event) impact melt rocks (FIGURE 6-1). It is shown that only one of those 
ages most likely represents a basin scale impact event. This event is recorded 
by the Apollo 16 mafic melt breccias, which are believed to represent exterior 
impact melt deposits. The best age estimate established for this basin scale 
event is 3885 ± 8 Ma. The study also supports the notion that previously found 
age differences between mafic melt breccias are not due to actual age 
differences, but most likely due to analytical challenges (Haskin et al., 1998), 
such as the correct determination of excess Ar components during 40Ar/39Ar 
dating. That only one basin scale impact event is recorded by the Apollo 16 
impact melt rocks, is also consistent with quantitative considerations of impact 
melt abundances at the Apollo 16 landing site made in this study. 
The oldest (3950 ± 24 Ma) and youngest (3644 ± 42 Ma) of the five resolved 
events are each only represented by a single sample (61156 and 61016), which 
are relatively unique in the Apollo 16 impact melt rock collection. Therefore, it is 
not possible to constrain the nature (i.e. basin or non-basin impact) of the 
sourcing events. 
The second youngest event recorded by Apollo 16 impact melt rocks (group 3; 
3815 ± 19 Ma), and the event recorded by Apollo 14 sample 14310 (3829 ± 15 
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Ma) are both shown to most likely represent interior impact melt sheet formation 
in local (in respect to the landing site) non-basin crater events. 
 
“(2) Link the basin-derived melt rocks with their source basin, and 
constrain the age of this basin.” 
This study supports the hypothesis of Haskin et al. (1998) that the basin impact 
event recorded by the Apollo 16 mafic melt breccias is the Imbrium event. The 
here determined best age estimate of 3885 ± 8 Ma would make the Imbrium 
event older than the two ages (3770 Ma and 3850 Ma) currently considered the 
best candidates for the age of the event (Stöffler et al., 2006). The isotopic data 
found in this study support that the Apollo 17 mafic melt breccias were also 
sourced by the Imbrium event (Haskin et al., 1998). 
 
“(3) Identify cogenetic samples, test whether compositional differences of 
these samples are consistent with melt sheet differentiation, and test the 
plausibility of a differentiation scenario.” 
Compositional and isotopic data for two groups of likely cogenetic samples 
(group 2M respectively group 3) were found to be concordant with a melt sheet 
differentiation scenario. However, only for the group 3 samples could a 
plausible scenario (crystal settling of spinel, followed by equilibrium 
crystallisation) be developed that conforms to the compositional and 
mineralogical differences of the cogenetic samples. This is the first model that 
relates a set of impact derived lunar whole rock samples by an igneous process 
in an impact melt sheet. 
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FIGURE 6-1: SUMMARY FIGURE. IMAGE OF THE LUNAR NEARSIDE WITH THE EVENTS DATED IN 
THIS STUDY THE IMBRIUM, SERENITATIS AND NECTARIS BASIN ARE OUTLINED, BUT MOST LIKELY 
ONLY SAMPLES OF THE IMBRIUM EVENT (MAFIC MELT BRECCIAS) ARE PRESENT IN THE STUDIED 
SAMPLE SET. MOST OTHER SAMPLE LIKELY COME FROM SMALLER CRATERS IN THE VICINITY OF 
THE RESPECTIVE LANDING SITE, WITH ONE SUBSET OF SAMPLES POSSIBLY COMING FROM AN 
DIFFERENTIATED MELT SHEET. RAW IMAGE IS FROM THE NASA LROC (NASA, 2015). 
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6.2. Implications for the LHB and the lunar cataclysm 
This study supports the suggestion of Haskin et al. (1998) that the mafic melt 
breccias were predominantly formed during the Imbrium event. An Imbrium 
origin of the mafic melt breccias severely weakens the case for the lunar 
cataclysm, as it suggests that the accumulation of ages around 3.9 Ga found in 
lunar impact rocks is the result of predominantly sampling Imbrium ejecta units, 
which reflect the formation age of this basin. This is in line with a recent review 
of the literature on the late heavy bombardment by Bottke and Norman (2017), 
which found that the “strong version of the Terminal Cataclysm has been 
substantially weakened”. However, to make the best possible case for the lunar 
cataclysm from the here presented data, one could assume that the two ages 
which might either represent a basin or a non-basin impact do represent basin 
impact events. This would mean that there is evidence for three basin impacts 
in the time from 3644 ± 42 Ma to 3950 ± 24 Ma.  
If one then assumes that the youngest event represents the Orientale event, 
one would increase the number of basin impacts in this period to four, as the 
Schrödinger basin formed between Orientale and Imbrium basins. However, 
such a young age for Orientale would actually weaken the case for the lunar 
cataclysm, as Orientale is normally considered older (e.g. 3.82 Ga; Ryder, 
2002), and thus such a young age would mean that basin impacts happened 
over a longer time period than previously expected. Thus, if arguing for the 
lunar cataclysm, one would have to argue that the 3644 ± 42 Ma event does not 
represent a basin impact.  
This would leave one with two basin events in the time frame of 3885 ± 8 Ma to 
3950 ± 24 Ma. The most likely sources for the older basin impact would be 
Serenitatis or Nectaris (see section 5.1.7.2). Lineweaver and Norman (2009) 
showed that, in order for the lunar cataclysm scenario to work, at least 14 
impact basins66 have to be younger than 4 Ga. As out of these 14 only Imbrium, 
Serenitatis and Nectars likely contributed large amounts of ejecta to the Apollo 
16 landing site (Petro and Pieters, 2006), it would be not surprising that only 
samples from two of these basins are found in the Apollo 16 impact melt rock 
                                            
66
 Orientale, Schrödinger, Imbrium, Bailly, Sikorsky-Rittenhouse, Hertzsprung, Serenitatis, Crisium, 
Humorum, Humboldtianum, Mendeleev, Korolev, Moscoviense, Mendel-Rydberg, Nectaris 
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collection. However, the two basins sampled would be most likely the two 
younger ones, i.e. Imbrium and the younger of Serenitatis and Nectaris. If the 
relative stratigraphy from Wilhelms et al. (1987) is the correct one, this would be 
Serenitatis. It would also mean that the majority of the basins (eight including 
Nectaris) would have to form in the time from 3950 ± 24 Ma to 4.0 Ga. As noted 
by Lineweaver and Norman (2009) this scenario shifts the peak of the LHB to 
the timespan from 3.95 to 4.0 Ga, older than usually expected for the lunar 
cataclysm. If the relative stratigraphy of Fassett et al. (2012) is the correct one, 
then Nectaris would be the basin most likely represented by the 3950 ± 24 Ma 
age, and 11 basins (including Nectaris) would form in the timeframe from 3885 
± 8 Ma to 3950 ± 24 Ma, which would be more in line with the traditionally 
assumed timing of the lunar cataclysm.  
Thus, the lunar cataclysm at 3.9 Ga remains a possible scenario in the light of 
the here presented data. However, it requires the most favourable interpretation 
of the presented data, which stands and falls with sample 61156, of which an 
unusual split was analysed in this work. The overwhelming majority of the 
obtained data do support the notion that the lunar cataclysm at 3.9 Ga is an 
artefact of predominantly sampling impact ejecta from one young basin, most 
likely Imbrium (Haskin et al., 1998; Korotev, 2000; Lineweaver and Norman, 
2009). 
 
  
298 
  
299 
7. References 
 
Albalat, E., Blichert-Toft, J., Telouk, P., Albarède, F., 2015. The lunar neutron 
energy spectrum inferred from the isotope compositions of rare-earth elements 
and hafnium in Apollo samples. Earth and Planetary Science Letters 429, 147-
156. 
Alibert, C., Norman, M.D., McColloch, M.T., 1994. An ancient Sm-Nd age for a 
ferroan noritic anorthosite clast from breccia 67016. Geochimica et 
Cosmochimica Acta 58, 2921-2926. 
Amelin, Y., 2013. Rb Loading Procedure using Silica Gel; Personal 
Communication. 
Anders, E., Grevesse, N., 1989. Abundances of the elements: Meteoritic and 
solar. Geochimica et Cosmochimica Acta 53, 197-214. 
Andersen, C.A., Hinthorne, J.R., 1973. 207Pb/206Pb Ages and REE Abundances 
in returned Lunar Material by Ion Microprobe Mass Analysis (abs.). Lunar 
Science IV, 37-42. 
Andrews-Hanna, J.C., Besserer, J., Head III, J.W., Howett, C.J.A., Kiefer, W.S., 
Lucey, P.G., McGovern, P.J., Melosh, H.J., Neumann, G.A., Phillips, R.J., 
Schenk, P.M., Smith, D.E., Solomon, S.C., Zuber, M.T., 2014. Structure and 
evolution of the lunar Procellarum region as revealed by GRAIL gravity data. 
Nature 514, 68-71. 
Arvidson, R., Crozaz, G., Drozd, R.J., Hohenberg, C.M., Morgan, C.J., 1975. 
Cosmic ray exposure ages of features and events at the Apollo landing sites. 
The Moon 13, 259-276. 
Barnes, I.L., Garner, E.L., Gramlich, J.W., Machlan, L.A., Moody, J.R., Moore, 
L.J., Murphy, T.J., Shields, W.R., 1973. Isotopic abundance ratios and 
concentrations of selected elements in some Apollo 15 and Apollo 16 samples, 
Fourth Lunar Science Conference, pp. 1197-1207. 
300 
Basilevsky, A.T., Head, J.W., Horz, F., 2013. Survival times of meter-sized 
boulders on the surface of the Moon. Planetary and Space Science 89, 118-
126. 
Basu, A., McKay, D.S., 1984. Petrologic Comparisions of Cayley and Descartes 
on the Basis of Apollo 16 Soils from Stations 4 and 11, 14th Lunar and 
Planetary Science Conference, pp. B535-B541. 
Bauer, J.F., 1979. Experimental shock metamorphism of mono- and 
polycrystalline olivine: A comparative study, 10th Lunar and Planetary Science 
Conference, pp. 2573-2596. 
Begemann, F., Ludwig, K.R., Lugmair, G.W., Min, K., Nyquist, L.E., Patchett, 
P.J., Renne, P.R., Shih, C.-Y., Villa, I.M., Walker, R.J., 2001. Call for an 
improved set of decay constants for geochronological use. Geochimica et 
Cosmochimica Acta 65, 111-121. 
Benkert, J.P., Baur, H., Signer, P., Wieler, R., 1993. He, Ne, and Ar from the 
Solar-Wind and Solar Energetic Particles in Lunar Ilmenites and Pyroxenes. J 
Geophys Res-Planet 98, 13147-13162. 
Bhandari, N., Goswami, J., Lal, D., 1973. Surface irradiation and evolution of 
the lunar regolith, Fourth Lunar Science Conference, pp. 2275-2290. 
Bogard, D.D., Gibson, E.K., 1975. Volatile gases in breccia 68115. Lunar 
Science VI 1, 63-65. 
Borchardt, R., Stöffler, D., 1981. Accessory Minerals in North Ray Crater 
Breccias, Apollo 16, LPSC XII. 
Borg, L., Norman, M., Nyquist, L., Bogard, D., Snyder, G., Taylor, L., Lindstrom, 
M., 1999. Isotopic studies of ferroan anorthosite 62236: A young lunar crustal 
rock from a light rare-earth-element-depleted source. Geochimica et 
Cosmochimica Acta 63, 2679-2691. 
Bottke, W.F., Norman, M.D., 2017. The Late Heavy Bombardment. Annu Rev 
Earth Pl Sc 45, in press. 
301 
Bouvier, A., Wadhwa, M., Korotev, R.L., Hartmann, W.K., 2011. U-Pb 
Chronology of Two Lunar Impact Melt Breccias. Meteoritics & Planetary 
Science 46, A27-A27. 
Bray, V.J., Tornabene, L.L., Keszthelyi, L.P., McEwen, A.S., Hawke, B.R., 
Giguere, T.A., Kattenhorn, S.A., Garry, W.B., Rizk, B., Caudill, C.M., Gaddis, 
L.R., van der Bogert, C.H., 2010. New insight into lunar impact melt mobility 
from the LRO camera. Geophys Res Lett 37, 1-5. 
Cadogan, P.H., 1974. Oldest and largest lunar basin? Nature 250, 315-316. 
Cadogan, P.H., Turner, G., 1976. The chronology of the Apollo 17 Station 6 
boulder, Lunar Science Conference 7th, pp. 2267-2285. 
Cassata, W.S., Renne, P.R., 2013. Systematic variations of argon diffusion in 
feldspars and implications for thermochronometry. Geochimica et 
Cosmochimica Acta 112, 251-287. 
Cassata, W.S., Shuster, D.L., Renne, P.R., Weiss, B.P., 2010. Evidence for 
shock heating and constraints on Martian surface temperatures revealed by 
40Ar/39Ar thermochronometry of Martian meteorites. Geochimica et 
Cosmochimica Acta 74, 6900-6920. 
Charlier, B.L.A., Ginibre, C., Morgan, D., Nowell, G.M., Pearson, D.G., 
Davidson, J.P., Ottley, C.J., 2006. Methods for the microsampling and high-
precision analysis of strontium and rubidium isotopes at single crystal scale for 
petrological and geochronological applications. Chemical Geology 232, 114-
133. 
Cintala, M.J., Grieve, R.A.F., 1998. Scaling impact melting and crater 
dimensions: Implications for the lunar cratering record. Meteoritics & Planetary 
Science 33, 889-912. 
Clark, R.S., Keith, J.E., 1974. Determination of natural and cosmic ray induced 
radionuclides in Apollo 16 lunar samples, Fourth Lunar Science Conference, pp. 
2105-2113. 
302 
Cohen, B.A., Coker, R.F., 2010. Pulling marbles from a bag: Deducing the 
regional impact history of the SPA basion from impact-melt rocks., 41st Lunar 
and Planetary Science Conference. 
Cohen, B.A., Snyder, G.A., Hall, C.M., Taylor, L.A., Nazarov, M.A., 2001. 
Argon-40-argon-39 chronology and petrogenesis along the eastern limb of the 
Moon from Luna 16, 20 and 24 samples. Meteoritics & Planetary Science 36, 
1345-1366. 
Compston, W., Foster, J.J., Gray, C.M., 1975. Rb-Sr Ages of Clasts from within 
Boulder 1, Station 2, Apollo 17. The Moon 14, 445-462. 
Compston, W., Foster, J.J., Gray, C.M., 1977. Rb-Sr systematics in clasts and 
aphanites from consortium breccia 73215, Lunar Science Conference 8th, pp. 
2525-2549. 
Compston, W., Vernon, M.J., Berry, H., Rudowski, R., Gray, C.M., Ware, N., 
Chappell, B.W., Kaye, M., 1972. Apollo 14 mineral ages and the thermal history 
of the Fra Mauro formation, Third Lunar Science Conference, pp. 1487-1501. 
Dalrymple, G.B., Ryder, G., 1993. Ar-40/Ar-39 Age Spectra of Apollo-15 Impact 
Melt Rocks by Laser Step-Heating and Their Bearing on the History of Lunar 
Basin Formation. J Geophys Res-Planet 98, 13085-13095. 
Dalrymple, G.B., Ryder, G., 1996. Argon-40 / argon-39 age spectra of Apollo 17 
highlands breccia samples by laser step heating and the age of the Serenitatis 
basin. Apollo The International Magazine Of Art And Antiques 101. 
Davis, A.M., McKeegan, K.D., 2014. Short-Lived Radionuclides and Early Solar 
System Chronology, in: Holland, H., Turekian, K. (Eds.), Treatise on 
Geochemistry, 2nd ed. 
DePaolo, D.J., Wasserburg, G.J., 1976. Nd Isotopic Variations and Petrogenetic 
Models. Geophys Res Lett 3, 249-252. 
Deutsch, A., Stöffler, D., 1987. Rb-Sr-analyses of Apollo 16 melt rocks and a 
new age estimate for the Imbrium basin: Lunar basin chronology and the early 
303 
heavy bombardment of the moon. Geochimica et Cosmochimica Acta 51, 1951-
1964. 
Dhingra, D., Pieters, C.M., Head, J.W., Isaacson, P.J., 2013. Large 
mineralogically distinct impact melt feature at Copernicus crater - Evidence for 
retention of compositional heterogeneity. Geophys Res Lett 40, 1043-1048. 
Drozd, R.J., Hohenberg, C.M., Morgan, C.J., Ralston, C.E., 1974. Cosmic-ray 
exposure history at the Apollo 16 and other lunar sites: Lunar surface dynamics. 
Geochimica et Cosmochimica Acta 38, 1625-1642. 
Edmunson, J., Borg, L.E., Nyquist, L.E., Asmerom, Y., 2009. A combined Sm-
Nd, Rb-Sr, and U-Pb isotopic study of Mg-suite norite 78238: Further evidence 
for early differentiation of the Moon. Geochimica et Cosmochimica Acta 73, 
514-527. 
Eggins, S.M., Woodhead, J.D., Kinsley, L.P.J., Mortimer, G.E., Sylvester, P., 
McCulloch, M.T., Hergt, J.M., Handler, M.R., 1997. A simple method for the 
precise determination of >40 trace elements in geological samples by ICPMS 
using enriched isotope internal standardisation. Geology 134, 311-326. 
Eugster, O., 1999. Chronology of dimict breccias and the age of South Ray 
crater at the Apollo 16 site. Meteoritics & Planetary Science 34, 385-391. 
Fagan, A.L., Neal, C.R., Beard, S.P., Swindle, T.D., 2013. Bulk composition and 
40Ar-39Ar age dating suggests impact melt sample 67095 may be exotic to the 
Apollo 16 site., 44th Lunar and Planetary Science Conference, Houston. 
Fassett, C.I., Head, J.W., Kadish, S.J., Mazarico, E., Neumann, G.A., Smith, 
D.E., Zuber, M.T., 2012. Lunar impact basins: Stratigraphy, sequence and ages 
from superposed impact crater populations measured from Lunar Orbiter Laser 
Altimeter (LOLA) data. Journal of Geophysical Research 117, E00H06. 
Faure, G., Mensing, T.M., 2005. Isotopes: Principles and Applications, 3rd ed. 
Wiley, Hoboken, N.J. 
304 
Fernandes, V.A., Fritz, J., Weiss, B.P., Garrick-Bethell, I., Shuster, D.L., 2013. 
The bombardment history of the Moon as recorded by 40Ar-39Ar chronology. 
Meteoritics & Planetary Science 48, 231-269. 
Fernandes, V.A., Garrick-Bethell, I., Shuster, D.L., Weiss, B., 2008. Common 
4.2 Ga impact age in samples from Apollo 16 and 17, Early Solar System 
Impact Bombardment 2008. 
Fischer-Gödde, M., Becker, H., 2012. Osmium isotope and highly siderophile 
element constraints on ages and nature of meteoritic components in ancient 
lunar impact rocks. Geochimica et Cosmochimica Acta 77, 135-156. 
Fleck, R.J., Sutter, J.F., Elliot, D.H., 1977. Interpretation of discordant 
40Ar/39Ar age-spectra of Mesozoic tholeiites from Antarctica. Geochimica et 
Cosmochimica Acta 41, 15-32. 
Floran, R.J., Grieve, R.A.F., Phinney, W.C., Warner, J.L., Simonds, C.H., 
Blanchard, D.P., Dence, M.R., 1978. Manicouagan Impact Melt, Quebec, 1, 
Stratigraphy, Petrology, and Chemistry. Journal of Geophysical Research 83, 
2737-2759. 
Floran, R.J., Phinney, W.C., Blanchard, D.P., Warner, J.L., Simonds, C.H., 
Brown, R.W., Brannon, J.C., 1976. A comparison between the Geochemistry 
and Petrology of Apollo 16 - Terrestrial Impact Melt Analogs, Seventh Lunar 
and Science Conference, pp. 263-265. 
French, B.M., 1998. Traces of catastrophe : a handbook of shock-metamorphic 
effects in terrestrial meteorite impact structures. Lunar and Planetary Institute, 
Houston, TX. 
Fruchter, J.S., Rancitelli, L.A., Evans, J.C., Perkins, R.W., 1978. Lunar surface 
processes and cosmic ray histories over the past several million years., Lunar 
Planetary Science Conference 9th, pp. 2019-2032. 
Garrick-Bethell, I., Nimmo, F., 2010. Structure and Formation of the Lunar 
Farside Highlands. science 330, 949-951. 
305 
Ghent, R.R., Campbell, B.A., Hawke, B.R., Campbell, D.B., 2008. Earth-based 
radar data reveal extended deposits of the Moon`s Orientale basin. Icarus 36, 
343-346. 
Gnos, E., Hofmann, B.A., Al-Kathiri, A., Lorenzetti, S., Eugster, O., Whitehouse, 
M.J., Villa, I.M., Jull, A.J.T., Eikenberg, J., Spettel, B., Krähenbühl, U., Franchi, 
I.A., Greenwood, R.C., 2004. Pinpointing the Source of a Lunar Meteorite: 
Implications for the Evolution of the Moon. Science 305, 657-659. 
Gombosi, D.J., Baldwin, S.L., Watson, E.B., Swindle, T.D., Delano, J.W., 
Roberge, W.G., 2015. Argon diffusion in Apollo 16 impact glass spherules: 
Implications for 40Ar/39Ar dating of lunar impact events.  148, 251-268. 
Gomes, R., Levison, H.F., Tsiganis, K., Morbidelli, A., 2005. Origin of the 
cataclysmic Late Heavy Bombardment period of the terrestrial planets. Nature 
435, 466-469. 
Grange, M.L., Nemchin, A.A., Jourdan, F., 2010. Review of ages of lunar impact 
rocks: implication to the timing of Serenitatis and Imbrium impacts and the LHB 
model, 41st Lunar and Planetary Science Conference. 
Greenhagen, B.T., Lucey, P.G., Wyatt, M.B., Glotch, T.D., Allen, C.C., Arnold, 
J.A., Bandfield, J.L., Bowles, N.E., Donaldson Hanna, K.L., Hayne, P.O., Song, 
E., Thomas, I.R., Paige, D.A., 2010. Global Silicate Mineralogy of the Moon 
from the Diviner Lunar Radiometer. Science 329, 1507-1509. 
Grieve, R.A.F., Dence, M.R., Robertson, P.B., 1977. Cratering processes: As 
interpreted from the occurence of impact melts, Symposium on Planetary 
Cratering Mechanics, Flagstaff, Ariz., pp. 791-814. 
Güldenmeister, N., Wünnemann, K., Durr, N., Hiermaier, S., 2013. Propagation 
of impact-induced shock waves in porous sandstone using mesoscale 
modeling. Meteoritics & Planetary Science 48, 115-133. 
Hartmann, W.K., 1965. Secular Changes in Meteoritic Flux through the History 
of the Solar System. Icarus 4, 207-213. 
306 
Hartmann, W.K., 2003. Megaregolith evolution and cratering cataclysm models 
- Lunar cataclysm as a misconception (28 years later). Meteoritics & Planetary 
Science 38, 579-593. 
Hartmann, W.K., Ryder, G., Dones, L., Grinspoon, D., 2000. The Time-
Dependent Intense Bombardment of the Primordial Earth/Moon System, in: 
Canup, R.M.R., K. (Ed.), Origin of the Earth and Moon, pp. 493-512. 
Haskin, L., Korotev, R., Rockow, K., Jolliff, B., 1998. The case for an Imbrium 
origin of the Apollo thorium-rich impact-melt breccias. Meteoritics & Planetary 
Science, 959-975. 
Haskin, L.A., 1998. The Imbrium impact event and the thorium distribution at the 
lunar highlands surface. J Geophys Res-Planet 103, 1679-1689. 
Haskin, L.A., Helmke, P.A., Paster, T.P., Allen, R.O., 1971. Rare earths in 
meteoritic, terrestrial, and lunar matter, in: Steinnes, A.B.a.E. (Ed.), NATO Conf. 
on Activation Analysis in Geochemistry. Universitetsforlaget, Oslo, pp. 201-218. 
Haskin, L.A., Jolliff, B.L., 1998. On Estimating Provenances of Lunar Highland 
Materials, Workshop on New Views of the Moon, pp. 35-37. 
Haskin, L.A., Korotev, R.L., Gillis, J.J., Jolliff, B.L., 2002. Stratigraphies of 
Apollo and Luna Highland Landing Sites and Provenances of Materials from the 
Perspective of Basin Impact Ejecta Modeling., 33rd Lunar and Planetary 
Science Conference. 
Haskin, L.A., Wildeman, T.R., Haskin, M.A., 1968. An accurate procedure for 
the determination of the rare earths by neutron activation. Journal of 
Radioanalytical Chemistry 1, 337-348. 
Hawke, B.R., Head, J.W., 1977a. Impact Melt in Lunar Crater Interiors, Lunar 
and Planetary Science Conference, pp. 415-417. 
Hawke, B.R., Head, J.W., 1977b. Pre-Imbrian history of the Fra Mauro region 
and Apollo 14 sample provenance, 8th Lunar Science Conference, pp. 2741-
2761. 
307 
Head III, J.W., Fassett, C.I., Kadish, S.J., Smith, D.E., Zuber, M.T., Neumann, 
G.A., Mazarico, E., 2010. Global Distribution of Large Lunar Craters: 
Implications for Resurfacing and Impactor Populations. Science 329, 1504-
1507. 
Head, J.W., 1974. Stratigraphy of the Descartes Region (Apollo 16): 
Implications for the origin of Samples. The Moon 11, 77-99. 
Heiken, G.H., Vaniman, D.T., French, B.M., 1991. Lunar Sourcebook. 
Cambridge University Press, Cambridge. 
Heymann, D., Huebner, W., 1974. Origin of Inert Gases in "Rusty Rock" 66095. 
Earth and Planetary Science Letters 22, 423-426. 
Hidaka, H., Ebihara, M., Shigekazu, Y., 2000. Isotopic study of neutron capture 
effects on Sm and Gd in chondrites. Earth and Planetary Science Letters 180, 
29-37. 
Hidaka, H., Ebihara, M., Shima, M., 1995. Determination of the Isotopic 
Composition of Samarium and Gadolinium by Thermal Ionization Mass 
Spectrometry. Analytical Chemistry 67, 1437-1441. 
Hiesinger, H., van der Bogert, C.H., Pasckert, J.H., Schmedemann, N., 
Robinson, M.S., Jolliff, B., Petro, N., 2012. New Crater Counts of South Pole-
Aitken Basin, EGU General Assembly. 
Hodges, C.A., 1981. Apollo 16 Regional Geological Setting, in: Ulrich, G.E., 
Hodges, C.A., Muehlberger, W.R. (Eds.), Geology of the Apollo 16 Area, 
Central Lunar Highlands. 
Howard, K.A., Wilshire, H.G., 1973. Flows of impact melt at lunar craters, 4th 
Lunar and Planetary Science Conference, pp. 389-390. 
Huang, Y., Hu, X., Liu, Q., 2013. Relative Positon Determination Between Lunar 
Lander and Rover Using Same Beam VLBI Technique. 44th Lunar and 
Planetary Science Conference, held March 18-22, 2013 in The Woodlands, 
Texas. LPI Contribution No. 1719, 1083. 
308 
Hudgins, J.A., Spray, J.G., Kelley, S.P., Korotev, R.L., Sherlock, S.C., 2008. A 
laser probe 40Ar/39Ar and INAA investigation of four Apollo granulitic breccias. 
Geochimica et Cosmochimica Acta 72, 5781-5798. 
Hui, S., Norman, M., Jourdan, F., 2009. Tracking Formation and Transport of 
Apollo 16 Lunar Impact Glasses through Chemistry and Dating, 9th Australian 
Space Science Conference, pp. 1-12. 
Huneke, J.C., Jessberger, E.K., Podosek, F.A., Wasserburg, G.J., 1973. 
40Ar/39Ar measurements in Apollo 16 and 17 samples and the chronology of 
metamorphic and volcanic activity in the Taurus-Littrow region, Fourth Lunar 
Science Conference, pp. 1725-1756. 
Huneke, J.C., Radicati di Brozolo, F., Wasserburg, G.J., 1977. 40Ar-39Ar 
Measurements on Lunar Highlands Rocks with Primitive 87Sr/86Sr, Eighth Lunar 
Science Conference, pp. 481-482. 
Huneke, J.C., Smith, S.P., 1974. The realities of recoil: 39Ar recoil out of small 
grains and anomalous age patterns in 39Ar-40Ar dating, 7th Lunar and Planetary 
Science Conference, pp. 1987-2008. 
Hurwitz, D., Kring, D.A., 2015. Identifying the geologic context of Apollo 17 
aphanitic and poikilitc impact melt breccias, Early Solar System Impact 
Bombardment. 
Hurwitz, D.M., Kring, D.A., 2014. Differentiation of the South Pole-Aitken basin 
impact melt sheet: Implications for lunar exploration. Journal of Geophysical 
Research: Planets 119, 1110-1133. 
Husain, L., Schaeffer, O.A., 1973. 40Ar-39Ar Crystallization Ages and 38Ar-
37Ar Cosmic Ray Exposure Ages of Samples from the Vicinity of the Apollo 16 
Landing Site. Fourth Lunar Science Conference, 406-408. 
Husain, L., Schaeffer, O.A., Funkhouser, J., Sutter, J., 1972. The ages of lunar 
material from Fra Mauro, Hadley Rille, and Spur Crater, Third Lunar Science 
Conference, pp. 1557-1567. 
309 
Hutcheon, I.D., Macdougall, D., Stevenson, J., 1974. Apollo 17 particle track 
studies: Surface residence times and fission track ages for orange glass and 
large boulders, Fifth Lunar Science Conference, pp. 2597-2608. 
Irving, A.J., 1975. Chemical, mineralogical and textural systematics of non-mare 
melt rocks: Implications for lunar impact and volcanic processes, Sixth Lunar 
Science Conference, pp. 363-394. 
James, O.B., Flohr, M.K., Lindstrom, M.M., 1984. Petrology and Geochemistry 
of Lunar Dimict Breccia 61015, 15th Lunar and Planetary Science Conference, 
pp. C63-C86. 
Jessberger, E.K., Dominik, B., Kirsten, T., Staudacher, T., 1977a. New 40Ar-39Ar 
Ages of Apollo 16 Breccias and 4.42 AE Old Anorthosites. Eighth Lunar 
Science Conference 1, 511-513. 
Jessberger, E.K., Huneke, J.C., Podosek, F.A., Wasserburg, G.J., 1974. High 
resolution argon analysis of neutron-irradiated Apollo 16 rocks and separated 
minerals, Fifth Lunar Science Conference, pp. 1419-1449. 
Jessberger, E.K., Kirsten, T., Staudacher, T., 1976. Argon-argon ages of 
consortium breccia 73215, Seventh Lunar Science Conference, pp. 2201-2215. 
Jessberger, E.K., Kirsten, T., Staudacher, T., 1977b. One rock and many ages - 
Further K-Ar data on consortium breccia 73215, 8th Lunar and Planetary 
Science Conference, pp. 2567-2580. 
Jessberger, E.K., Staudacher, T., Dominik, B., Kirsten, T., 1978a. Argon-argon 
ages of aphanite samples from consortium breccia 73255, 9th Lunar and 
Planetary Science Conference, pp. 841-854. 
Jessberger, E.K., Staudacher, T., Dominik, B., Kirsten, T., Schaeffer, O.A., 
1978b. Limited response of the K-Ar system to the Nordlinger Ries giant 
meteorite impact. Nature 271, 338-339. 
Jolliff, B.L., Gillis, J.J., Haskin, L.A., Korotev, R.L., Wieczorek, M.A., 2000. 
Major lunar crustal terranes: Surface expressions and crust-mantle origins. 
Journal of Geophysical Research 105, 4197-4216. 
310 
Jolliff, B.L., Wieczorek, M.A., Shearer, C.K., Neal, C.R., 2006. NEW VIEWS of 
the MOON. 
Jourdan, F., 2012. The 40Ar/39Ar dating technique applied to planetary sciences 
and terrestrial impacts. Australian Journal of Earth Sciences, 37-41. 
Jourdan, F., Benedix, G., Eroglu, E., Bland, P.A., Bouvier, A., 2014. 40Ar/39Ar 
impact ages and time-temperature argon diffusion history of the Bunburra 
Rockhole anomalous basaltic achondrite. Geochimica et Cosmochimica Acta 
140, 391-409. 
Jourdan, F., Reimold, W.U., Deutsch, a., 2012. Dating Terrestrial Impact 
Structures. Elements 8, 49-53. 
Jourdan, F., Renne, P.R., 2007. Age calibration of the Fish Canyon sanidine 
40Ar/39Ar dating standard using primary K-Ar standards. Geochimica et 
Cosmochimica Acta 71, 387-402. 
Jourdan, F., Verati, C., Feraud, G., 2006. Intercalibration of the Hb3gr 40Ar/39Ar 
dating standard. Chemical Geology 231, 177-189. 
Jutzi, M., Asphaug, E., 2011. Forming the lunar farside highlands by accretion 
of a companion moon. Nature 476, 69-72. 
Kendall, J.D., Johnson, B.C., Bowling, T.J., Melosh, H.J., 2015. Ejecta from 
South Pole-Aitken basin-forming impact: Dominant source of farside lunar 
highlands, 46th Lunar and Planetary Science Conference. 
Khan, A., Connolly, J.A.D., Maclennan, J., Mosegaard, K., 2007. Joint inversion 
of seismic and gravity data for lunar composition and thermal state. Geophys J 
Int 168, 243-258. 
Kiefer, W.S., Macke, R.J., Britt, D.T., Irving, A.J., Consolmagno, G.J., 2012. The 
density and porosity of lunar rocks. Geophys Res Lett 39, 1-5. 
Kieffer, S.W., Phakey, P.P., Christie, J.M., 1976. Shock Processes in Porous 
Quartzite: Transmission Electron Microscope Obeservations and Theory. 
Contributions to Mineralogy and Petrology 59, 41-93. 
311 
Kirsten, T., Horn, P., Heymann, D., 1973a. Chronology of the Taurus-Littrow 
region I: Ages of two major rock types from the Apollo 17-site. Earth and 
Planetary Science Letters 20, 125-130. 
Kirsten, T., Horn, P., Kiko, J., 1973b. 39Ar-40Ar dating and rare gas analysis of 
Apollo 16 rocks and soils, Fourth Lunar Science Conference, pp. 1757-1784. 
Koppers, A.A.P., 2002. ArArCALC - software for 40Ar/39Ar age calculations. 
Computers & Geosciences 28, 605-619. 
Korotev, R.L., 1994. Compositional variation in Apollo 16 impact-melt breccias 
and inferences for the geology and bombardment history of the Central 
Highlands of the Moon. Geochimica et Cosmochimica Acta 58, 3931-3969. 
Korotev, R.L., 1996. On the relationship between the Apollo 16 ancient regolith 
breccias and feldspathic fragmental breccias, and the composition of the 
prebasin crust in the Central Highlands of the Moon. Meteoritics & Planetary 
Science 31, 403-412. 
Korotev, R.L., 2000. The great lunar hot spot and the composition and origin of 
the Apollo mafic ("LKFM") impact-melt breccias. J Geophys Res-Planet 105, 
4317-4345. 
Kowitz, A., Schmitt, R.T., Reimold, W.U., Hornemann, U., 2013. The first 
MEMIN shock recovery experiments at low shock pressure (5-12.5 GPa) with 
dry, porous sandstone. Meteoritics & Planetary Science 48, 99-104. 
Kuskov, O.L., Kronrod, V.A., 1998. Constitution of the Moon 5. Constraints on 
composition, density, temperature, and radius of a core. Physics of the Earth 
and Planetary Interiors 107, 285-306. 
Lamb, H., 1895. Hydrodynamics. Cambridge [Eng.]: University PRess. 
Laul, J.C., Hill, D.W., Schmitt, R.A., 1974. Chemical studies of Apollo 16 and 17 
samples, Fifth Lunar Science Conference. 
Leich, D.A., Kahl, S.B., Kirschbaum, A.R., Niemeyer, S., Phinney, D., 1975. 
Rare Gas Constraints on the History of Boulder 1, Station 2, Apollo 17. The 
Moon 14, 407-444. 
312 
Levine, J., Renne, P.R., Muller, R.A., 2007. Solar and cosmogenic argon in 
dated lunar impact spherules. Geochimica et Cosmochimica Acta 71, 1624-
1635. 
Lide, D.R., 2010. CRC Handbook of Chemistry and Physics, 90th ed. 
Lineweaver, C.H., Norman, M., 2009. The Bombardment History of the Moon 
and the Origin of Life on Earth, 8th Australian Space Science Conference, 
Canberra, pp. 1-7. 
Lingenfelter, R.E., Canfield, E.H., Hampel, V.E., 1972. The lunar neutron flux 
revisited*. Earth and Planetary Science Letters 16, 355-369. 
Liu, J., Sharp, M., Ash, R.D., Kring, D.A., Walker, R.J., 2015. Diverse impactors 
in Apollo 15 and 16 impact melt rocks: Evidence from osmium isotopes and 
highly siderophile elements. Geochimica et Cosmochimica Acta 155, 122-153. 
Lofgren, G.E., 1977. Dynamic crystallization experiments bearing on the origin 
of textures in impact-generated liquids, 8th Lunar Science Conference, pp. 
2079-2095. 
LPI, 2015. Lunar and Planetary Institute Website: http://www.lpi.usra.edu/. 
Ludwig, K.R., 2012. Isoplot, 3.7 ed. Berkeley Geochronology Center. 
Lugmair, G.W., Carlson, R.W., 1978. The Sm-Nd history of KREEP, 9th Lunar 
and Planetary Science Conference, pp. 689-704. 
Lugmair, G.W., Marti, K., 1972. Neutron and Spallation Effects in Fra Mauro 
Regolith (rev. abs.). 3rd Lunar Science Conference, 495-497. 
Mark, R.K., Lee-Hu, C., Wetherill, G.W., 1974. Rb-Sr age of lunar igneous rocks 
62295 and 14310. Geochimica et Cosmochimica Acta 38, 1643-1648. 
Marvin, U.B., Lindstrom, M.M., Bernatowicz, T.J., Podosek, F.A., Sugiura, N., 
1987. The composition and history of breccia 67015 from North Ray Crater. 
Journal of Geophysical Research: Solid Earth 92, E471-E490. 
Mattingly, T.K., El-Baz, F., 1973. Orbital observations of the lunar highlands on 
Apollo 16 and their interpretation, 4th Lunar Science Conference, pp. 49-56. 
313 
McDougall, I., Harrison, T.M., 1999. Geochronology and Thermochronology by 
the 40Ar/39Ar Method, Second Edition ed. Oxford University Press, New York, 
Oxford. 
McGetchin, T.R., Settle, M., Head, J.W., 1973. Radial thickness variation in 
impact crater ejecta: Implications for lunar basin deposits. Earth and Planetary 
Science Letters 20, 226-236. 
McKinley, J., Taylor, G., Keil, K., Ma, M., Schmitt, R., 1984. Apollo 16-Impact 
melt sheets, contrasting nature of the Cayley plains and Descartes mountains, 
and geologic history, Fourteenth Lunar and Planetary Science Conference, pp. 
513-524. 
Melosh, H.J., Kendall, J., Johnson, B.C., Bowling, T., Horgan, B., Lucey, P.G., 
Taylor, G.J., 2014. The Moon's Upper Mantle: Mostly OPX, not Olivine? 45th 
Lunar and Planetary Science Conference, held 17-21 March, 2014 at The 
Woodlands, Texas. LPI Contribution No. 1777, 2505. 
Merle, R.E., Nemchin, A.A., Grange, M.L., Whitehouse, M.J., Pidgeon, R.T., 
2014. High resolution U-Pb ages of Ca-phosphates in Apollo 14 breccias: 
Implications for the age of the Imbrium impact. Meteoritics & Planetary Science 
49, 2241-2251. 
Meyer, C., 2012. Lunar Sample Compendium. 
Meyer, C., Anderson, D.H., Bradley, J.G., 1974. Ion microprobe mass analysis 
of plagioclase from "non-mare" lunar samples, Fifth Lunar Science Conference, 
pp. 685-706. 
Michel, T., Eugster, O., 1994. Primitive xenon in diogenites and plutonium-244-
fission xenon ages of a diogenite, a howardite, and eucrites. Meteoritics 29, 
593-606. 
Mikouchi, T., 2000. Pyroxene and Plagioclase in the Los Angeles Martian 
Meteorite: Comparision with the Queen Alexandra Range 94201 Martian 
Metorite and the Asuka 881757 Lunar Metorite. Meteoritics & Planetary Science 
35, A110. 
314 
Miljkovic, K., Wieczorek, M.A., Collins, G.S., Laneuville, M., Neumann, G.A., 
Melosh, H.J., Solomon, S.C., Phillips, R.J., Smith, D.E., Zuber, M.T., 2013. 
Asymmetric Distribution of Lunar Impact Basins Caused by Variations in Target 
Properties. 44th Lunar and Planetary Science Conference, held March 18-22, 
2013 in The Woodlands, Texas. LPI Contribution No. 1719, 1926. 
Morbidelli, A., Marchi, S., Bottke, W.F., Kring, D.A., 2012. A sawtooth-like 
timeline for the first billion years of lunar bombardment. Earth and Planetary 
Science Letters 355-356, 144-151. 
Morse, Z.R., Osinski, G.R., Tornabene, L.L., 2018. New morphological mapping 
and interpretation of ejecta deposits from Orientale Basion on the Moon. Icarus 
299, 253-271. 
Murthy, V.R., Evensen, N.M., Jahn, B.-M., Coscio, M.R., 1972. Apollo 14 and 
15 samples: Rb-Sr ages, trace elements, and lunar evolution, Third Lunar 
Science Conference. The M.I.T. Press, pp. 1503-1514. 
Nakamura, R., Yamamoto, S., Matsunaga, T., Ishihara, Y., Morota, T., Hiroi, T., 
Takeda, H., Ogawa, Y., Yokota, Y., Hirata, N., Ohtake, M., Saiki, K., 2012. 
Compositional evidence for an impact origin of the Moon`s Procellarum basin. 
Nature Geoscience 5, 775-778. 
Namiki, N., Iwata, T., Matsumoto, K., Hanada, H., Noda, H., Goossens, S., 
Ogawa, M.K., N., Asari, K., Tsuruta, S.I., Y., Liu, Q., Kikuchi, F., Ishikawa, T., 
Sasaki, S., Aoshima, C., Kurosawa, K.S., S., Takano, T., 2009. Farside Gravity 
Field of the Moon from Four-Way Doppler Measurements of SELENE (Kaguya). 
Science 323, 900-905. 
NASA, 2012. Lunar Sample Catalog & Photo Database. NASA. 
NASA, 2015. Lunar Reconnaissance Orbiter Camera. 
Nemchin, A.A., Pidgeon, R.T., Healy, D., Grange, M.L., Whitehouse, M.J., 
Vaughan, J., 2009. The comparative behaviour of apatite-zircon U-Pb systems 
in Apollo 14 breccias: Implications for the thermal history of the Fra Mauro 
Formation. Meteoritics & Planetary Science 44, 1717-1734. 
315 
Nemchin, A.A., Pidgeon, R.T., Whitehouse, M.J., Vaughan, J.P., Meyer, C., 
2008. SIMS U-Pb study of zircon from Apollo 14 and 17 breccias: Implications 
for the evolution of lunar KREEP. Geochimica et Cosmochimica Acta 72, 668-
689. 
Neumann, G.A., Zuber, M.T., Wieczorek, M.A., Head, J.W., Baker, D.M.H.S., S. 
C., Smith, D.E., Lemoine, F.G., Mazarico, E., Sabaka, T.J., Goossens, S.J., 
Melosh, H.J., Phillips, R.J., Asmar, S.W., Konopliv, A.S., Williams, J.G., Sori, 
M.M., Soderblom, J.M., Miljkovic, K., Andrews-Hanna, J.C., Nimmo, F., Kiefer, 
W.S., 2015. Lunar impact basins revealed by Gravity Recovery and Interior 
Laboratory measurements. Science Advances 1, e1500852. 
Niemeyer, S., 1979. 40Ar-39Ar dating of inclusions from IAB iron meteorites. 
Geochimica et Cosmochimica Acta 43, 1829-1840. 
Norman, M., 2005. Lunar impact breccias: petrology, crater setting, and 
bombardment history of the Moon. Australian Journal of Earth Sciences 52, 
711-723. 
Norman, M., 2012. Personal communication about BHVO-2 standard values. 
Norman, M., Borg, L., Nyquist, L., 2003a. Chronology, geochemistry, and 
petrology of a ferroan noritic anorthosite clast from Descartes breccia 67215: 
clues to the age, origin, structure, and impact history of. Meteoritics & Planetary 
Science 38, 645-661. 
Norman, M.D., 1981. Petrology of suevitic lunar breccia 67016, 12th Lunar and 
Planetary Science Conference, pp. 235-252. 
Norman, M.D., 2009. The Lunar Cataclysm: Reality or "Mythconception"? 
Elements 5, 23-28. 
Norman, M.D., Bennett, V.C., Ryder, G., 2002. Targeting the impactors: 
siderophile element signatures of lunar impact melts from Serenitatis. Earth and 
Planetary Science Letters 202, 217-228. 
Norman, M.D., Borg, L.E., Nyquist, L.E., Bogard, D.D., 2003b. Chronology, 
geochemistry, and petrology of a ferroan noritic anorthosite clast from 
316 
Descartes breccia 67215: Clues to the age, origin, structure, and impact history 
of the lunar crust. Meteoritics & Planetary Science 38, 645-661. 
Norman, M.D., Duncan, R.A., Huard, J.J., 2006. Identifying impact events within 
the lunar cataclysm from 40Ar-39Ar ages and compositions of Apollo 16 impact 
melt rocks. Geochimica et Cosmochimica Acta 70, 6032-6049. 
Norman, M.D., Duncan, R.A., Huard, J.J., 2010. Imbrium provenance for the 
Apollo 16 Descartes terrain: Argon ages and geochemistry of lunar breccias 
67016 and 67455. Geochimica et Cosmochimica Acta 74, 763-783. 
Norman, M.D., Garcia, M.O., Bennett, V.C., 2004. Rhenium and chalcophile 
elements in basaltic glasses from Ko'olau and Moloka'i volcanoes: Magmatic 
outgassing and composition of the Hawaiian plume. Geochimica et 
Cosmochimica Acta 68, 3761-3777. 
Norman, M.D., Taylor, L.A., Shih, C.-Y., Nyquist, L.E., 2016. Crystal 
accumulation in a 4.2Ga lunar impact melt. Geochimica et Cosmochimica Acta 
172, 410-429. 
Nunes, P.D., 1975. Pb loss from Apollo 17 glassy samples and Apollo 16 
revisited Sixth Lunar Science Conference, pp. 1491-1499. 
Nunes, P.D., Tatsumoto, M., 1973. Excess Lead in "RustyRock" 66095 and 
Implications for an Early Lunar Differentiation. Science 182, 916-920. 
Nunes, P.D., Tatsumoto, M., Knight, R.J., Unruh, D.M., Doe, B.R., 1973. U-Th-
Pb systematics of some Apollo 16 lunar samples., Fourth Lunar Science 
Conference, pp. 1797-1822. 
Nyquist, L.E., Bansal, B.M., Wiesmann, H., Jahn, B.-M., 1974. Taurus-Littrow 
chronology: Some constraints on early lunar crustal development, Fifth Lunar 
Science Conference, pp. 1515-1539. 
Nyquist, L.E., Hubbard, N.J., Gast, P.W., Bansal, B.M., Wiesmann, H., Jahn, B., 
1973. Rb-Sr systematics for chemically defined Apollo 15 and 16 materials, 
Fourth Lunar Science Conference, pp. 1823-1846. 
317 
Nyquist, L.E., Wiesmann, H., Bansal, B., Shih, C.-Y., Harper, C.L., 1995. 146Sm-
142Nd formation interval for the luanr mantle. Geochimica et Cosmochimica Acta 
59, 2817-2837. 
O`Connell-Cooper, C.D., Spray, J.G., 2011. Geochemistry of the impact-
generated melt sheet at Manicougan: Evidence for fractional crystallization. 
Journal of Geophysical Research 116, 1-22. 
Oberli, F., Huneke, J.C., Wasserburg, G.J., 1979. U-Pb and K-Ar systematics of 
cataclysm and precataclysm lunar impactites. 10th Lunar and Planetary 
Science Conference, 940-942. 
Oberli, F., McCulloch, M.T., Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 
1978. Early Lunar Differentiation Constraints from U-Th-Pb, Sm-Nd and Rb-Sr 
Model Ages. Nineth Lunar and Planetary Science Conference, 832-834. 
Ohtake, M., Matsunaga, T., Haruyama, J., Yokota, Y., Morota, T., Honda, C., 
Ogawa, Y., Masaya, T., Miyamoto, H., Arai, T., Hirata, N., Iwasaki, A., 
Nakamura, R., Hiroi, T., Sugihara, T., Takeda, H., Otake, H., Pieters, C.M., 
Saiki, K., KItazato, K., Abe, M., Asada, N., Demura, H., Yamaguchi, Y., Sasaki, 
S., Kodama, S., Terazono, J., Shirao, M., Yamaji, A., Minami, S., Akiyama, H., 
Josset, J.-L., 2009. The global distribution of pure anorthosite on the Moon. 
Nature 461, 236-241. 
Osinski, G.R., Grieve, R.A.F., Collins, G.S., Marion, C., Sylvester, P., 2008. The 
effect of target lithology on the products of impact melting. Meteoritics & 
Planetary Science 43, 1939-1954. 
Osinski, G.R., Tornabene, L.L., Grieve, R.A.F., 2011. Impact ejecta 
emplacement on terrestrial planets. Earth and Planetary Science Letters 310, 
167-181. 
Ostertag, R., 1983. Shock experiments on feldspar crystals, 14th Lunar and 
Planetary Science Conference, pp. B364-B376. 
Papanastassiou, D.A., Wasserburg, G.J., 1971. Rb-Sr ages of igneous rocks 
from the Apollo 14 mission and the age of the Fra Mauro Formation. Earth and 
Planetary Science Letters 12, 36-48. 
318 
Papanastassiou, D.A., Wasserburg, G.J., 1972a. The Rb-Sr age of a crystalline 
rock from Apollo 16. Earth and Planetary Science Letters 16, 289-298. 
Papanastassiou, D.A., Wasserburg, G.J., 1972b. Rb-Sr systematics of Luna 20 
and Apollo 16 samples. Earth and Planetary Science Letters 17, 52-63. 
Pepin, R.O., Basford, J.R., Dragon, J.C., Coscio, M.R., Murthy, V.R., 1974. 
Rare gases and trace elements in Apollo 15 drill core fines: Depositional 
chronologies and K-Ar ages and production rates of spallation-produced 3He, 
22Ne and 38Ar versus depth., Fifth Lunar Science Conference, pp. 2149-2184. 
Petro, N., 2013. Personal communication. 
Petro, N.E., Pieters, C.M., 2006. Modeling the provenance of the Apollo 16 
regolith. Journal of Geophysical Research - Planets 111. 
Phinney, D., Kahl, S.B., Reynolds, J.H., 1975. 40Ar-39Ar dating of Apollo 16 and 
17 rocks, Lunar Science Conference 6th, pp. 1593-1608. 
Phinney, W.C., Simonds, C.H., 1977. Dynamical implications of the petrology 
and distribution of impact melt rocks, Symposium of Planetary Cratering 
Mechanics, Flagstaff, Ariz., pp. 771-790. 
Pidgeon, R.T., Nemchin, A.A., van Bronswijk, W., Geisler, D., Meyer, C., 
Compston, W., Williams, I.S., 2007. Complex history of a zircon aggregate from 
lunar breccia 73235.  71, 1370-1381. 
Pin, C., Briot, D., Bassin, C., Poitrasson, F., 1994. Concomitant separation of 
strontium and samarium-neodymium for isotopic analysis in silicate samples, 
based on specific extraction chromatography. Analytica Chimica Acta 298, 209-
217. 
Pin, C., Santos Zalduegui, J.F., 1997. Sequential separation of light rare-earth 
elements, thorium and uranium by miniaturized extraction chromatography: 
Application to isotopic analyses of silicate rocks. Analytica Chimica Acta 339, 
79-89. 
Plescia, J.B., Cintala, M.J., 2012. Impact melt in small lunar highland craters. 
Journal of Geophysical Research 117, 1-12. 
319 
Puchtel, I., Walker, R., James, O., Kring, D., 2008. Osmium isotope and highly 
siderophile element systematics of lunar impact melt breccias: Implications for 
the late accretion history of the Moon and Earth. Geochimica et Cosmochimica 
Acta 72, 3022-3042. 
Raczek, I., Jochum, K.P., Hofmann, A.W., 2003. Neodymium and Strontium 
Isotope Data for USGS Reference Material BCR-1, BCR-2, BHVO-2, AGV-1, 
AGV-2, GSP-1, GSP-2 and Eight MPI-DING Reference Glasses. Geostandards 
Newsletter 27, 173-179. 
Reimold, W.U., Barr, J.M., Grieve, R.A.F., Durrheim, R.J., 1990. Geochemistry 
of the melt and country rocks of the Lake St. Martin impact structure, Manitoba, 
Canada. Geochimica et Cosmochimica Acta 54, 2093-2111. 
Reimold, W.U., Nieber Reimold, J., 1984. The mineralogical, chemical, and 
chronological characteristics of the crystalline Apollo 16 impact melt rocks. 
Fortschritte der Mineralogie 62, 269-301. 
Reimold, W.U., Nyquist, L.E., Bansal, B.M., Wooden, J.L., Shih, C.-Y., 
Weismann, H., Mackinnon, I.D.R., 1985. Isotope Analysis of Crystalline Impact 
Melt Rocks from Apollo 16 Stations 11 and 13, North Ray Crater, Fiftheenth 
Lunar and Planetary Science Conference, pp. C431-C448. 
Renne, P.R., Swisher, C.C., Deino, A.L., Karner, D.B., Owens, T.L., DePaolo, 
D.J., 1998. Intercalibration of standards, absolute ages and uncertainties in 
40Ar/39Ar dating. Chemical Geology 145, 117-152. 
Roedder, E., Weiblein, P., 1977. Shock glass veins in some lunar and meteoritic 
samples - Their nature and possible origin, 8th Lunar Science Conference, pp. 
2593-2615. 
Rotenberg, E., Davis, D.W., Amelin, Y., Ghosh, S., Bergquist, B., 2012. 
Determination of the decay-constant of 87Rb by laboratory accumulation of 87Sr. 
Geochimica et Cosmochimica Acta 85, 41-57. 
Roy, A., Wright, J.T., Sigurdsson, S., 2014. Earthshine on a young Moon: 
Explaining the lunar farside highlands. The Astrophysical Journal Letters 788, 1-
3. 
320 
Rubin, A.E., 2006. Shock, post-shock annealing, and post-annealing shock in 
ureilites. Meteoritics & Planetary Science 41, 125-133. 
Rubin, A.E., 2015. Maskelynite in asteroidal, lunar and planetary basaltic 
meteorites: An indicator of shock pressure during impact ejection from their 
parent bodies. Icarus 257, 221-229. 
Ryder, G., 1993. Catalog of Apollo 17 Rocks. 
Ryder, G., 2002. Mass flux in the ancient Earth-Moon system and benign 
implications for the origin of life on Earth. Journal of Geophysical Research 107. 
Ryder, G., Norman, M.D., 1980. Catalog of Apollo 16 rocks. Lyndon B. Johnson 
Space Center, Houston, Tx. 
Schaeffer, O.A., Husain, L., Schaeffer, G.A., 1976. Ages of highland rocks: the 
chronology of lunar basin formation revisited, Seventh Lunar Science 
Conference, pp. 2067-2092. 
Schaeffer, O.A., Warasila, R., Labotka, T.C., 1982. Ages of Serenitatis Breccias 
(abs), Workshop on Lunar Breccias and Soils and their Meteoritic Analogs. , pp. 
123-125. 
Schmieder, M., Jourdan, F., 2013. The Lappajärvi impact structure (Finland): 
Age, duration of crater cooling, and implications for early life. Geochimica et 
Cosmochimica Acta 112, 321-339. 
Schultz, P.H., Crawford, D.A., 2011. Origin of nearside structural and 
geochemical anomalies on the Moon. The Geological Society of America 
Special Paper 477, 141-159. 
Shih, C.-Y., Nyquist, L.E., Bansal, B.M., Wiesmann, H., 1992. Rb-Sr and Sm-Nd 
chronology of an Apollo 17 KREEP basalt. Earth and Planetary Science Letters 
108, 203-215. 
Shih, C.-Y., Nyquist, L.E., Dasch, E.J., Bogard, D.D., Bansal, B.M., Wiesmann, 
H., 1993. Ages of pristine noritic clasts from lunar breccias 15445 and 15455. 
Geochimica et Cosmochimica Acta 57, 915-931. 
321 
Shuster, D.L., Balco, G., Cassata, W.S., Fernandes, V.A., Garrick-Bethell, I., 
Weiss, B.P., 2010. A record of impacts preserved in the lunar regolith. Earth 
and Planetary Science Letters 290, 155-165. 
Simonds, C.H., 1973. Petrology of Apollo 16 poikilitic rocks, 4th Lunar Science 
Conference, pp. 613-632. 
Simonds, C.H., 1975. Thermal regimes in impact melts and the petrology of the 
Apollo 17 Station 6 boulder, 6th Lunar Science Conference, pp. 641-672. 
Snape, J.F., Nemchin, A.A., Bellucci, J.J., Whitehouse, M.J., 2017. Pb isotopes 
in the impact melt breccia 66095: Association with the Imbrium basin and the 
isotopic composition of lithologies at the Apollo 16 landing siter. Chemical 
Geology 466, 608-616. 
Snee, L.W., Ahrens, T.J., 1975. Shock-induced deformation features in 
terrestrial olivine and lunar dunite, 6th Lunar and Planetary Science 
Conference, pp. 759-761. 
Spudis, P.D., 1984. Apollo-16 Site Geology and Impact Melts - Implications for 
the Geologic History of the Lunar Highlands. Journal of Geophysical Research 
89, C95-C107. 
Spudis, P.D., Gillis, J.J., Reisse, R.A., 1994. Ancient multiring basins on the 
moon revealed by clementine laser altimetry. Science 266, 1848-1851. 
Spudis, P.D., Martin, D.J.P., Kramer, G., 2014. Geology and composition of the 
Orientale basin impact melt sheet. Journal of Geophysical Research: Planets 
119, 1-11. 
Spudis, P.D., Murl, J.N., 2015. Impact melt from lunar multi-ring bains: Orientale 
and Imbrium, 46th Lunar and Planetary Science Conference, p. 1853. 
Spudis, P.D., Wilhelms, D.E., Robinson, M.S., 2011. The Sculptured Hills of the 
Taurus Highlands: Implications for the relative age of Serenitatis, basin 
chronologies and the cratering history of the Moon. Journal of Geophysical 
Research 116, 1-9. 
322 
Steiger, R.H., Jäger, E., 1977. Subcommission on Geochronology: Convention 
on the use of decay constants in Geo- and Cosmochronology. Earth and 
Planetary Science Letters 36, 359-362. 
Stettler, A., Eberhardt, P., Geiss, J., Groegler, N., Maurer, P., 1973. Ar39-Ar40 
ages and Ar37-Ar38 exposure ages of lunar rocks., Fourth Lunar Science 
Conference, pp. 1865-1888. 
Stöffler, D., 1984. Glasses formed by hypervelocity impact. Journal of Non-
Crystalline Solids 67, 465-502. 
Stöffler, D., Bischoff, A., Borchardt, R., Burghele, A., Deutsch, A., Jessberger, 
E.K., Ostertag, R., Palme, H., Spettel, B., Reimold, W.U., Wacker, K., Wänke, 
H., 1985. Composition and Evolution of the Luanr Crust in the Descartes 
Highlands, Apollo 16, Fiftheenth Lunar and Planetary Science Conference, pp. 
C449-C506. 
Stöffler, D., Knoell, H.-D., Marvin, U.B., Simonds, C.H., Warren, P.H., 1980. 
Recommended classification and nomenclature of lunar highland rocks - a 
committee report, Lunar Highland Crust, pp. 51-70. 
Stöffler, D., Knöll, H.-D., Maerz, U., 1979. Terrestrial and lunar impact breccias 
and the classification of lunar highland rocks., 10th Lunar and Planetary 
Science Conference, pp. 639-675. 
Stöffler, D., Ryder, G., 2001. Stratigraphy and isotope ages of lunar geologic 
units: Chronological standard for the inner solar system. Space Science 
Reviews 96, 9-54. 
Stöffler, D., Ryder, G., Ivanov, B.A., Artemieva, N.A., Cintala, M.J., Grieve, 
R.A.F., 2006. Cratering History and Lunar Chronology, in: Jolliff, B.L., 
Wieczorek, M.A., Shearer, C.K., Neal, C.R. (Eds.), Rev Mineral Geochem. 
Stopar, J.D., Hawke, B.R., Robinson, M.S., Denevi, B.W., Giguere, T.A., 
Koeber, S.D., 2014. Occurence and mechanisms of impact melt emplacement 
at small lunar craters. Icarus 243, 337-357. 
323 
Tatsumoto, M., Hedge, C.E., Doe, B.R., Unruh, D.M., 1972. U-Th-Pb and Rb-Sr 
measurements on some Apollo 14 lunar samples, Third Lunar Science 
Conference, pp. 1531-1555. 
Taylor, G.J., 2009. Ancient Lunar Crust: Origin, Composition, and Implications. 
Elements 5, 17-22. 
Taylor, L.A., Shervais, J.W., Hunter, R.H., Shih, C.-Y., Bansal, B.M., Wooden, 
J., Nyquist, L.E., Laul, L.C., 1983. Pre-4.2 AE mare-basalt volcanism in the 
lunar highlands. Earth and Planetary Science Letters 66, 33-47. 
Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 1973. A Lunar Cataclysm at 
~3.95 AE and the Structure of the Lunar Crust, Fourth Lunar Science 
Conference, pp. 723-725. 
Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 1974. Isotopic Evidence for 
a Terminal Lunar Cataclysm. Earth and Planetary Science Letters 22, 1-21. 
Therriault, A.M., Fowler, A.F., Grieve, R.A.F., 2002. The Sudbury Igneous 
Complex: A Differentiated Impact Melt Sheet. Economic Geology 97, 1521-
1540. 
Thiessen, F., Nemchin, A.A., Snape, J.F., Whitehouse, M.J., Bellucci, J.J., 
2017. Impact history of the Apollo 17 landing site revealed by U-Pb SIMS ages. 
Meteoritics & Planetary Science 52, 584-611. 
Tompkins, S., Pieters, C.M., 1999. Mineralogy of the lunar crust: Results from 
the Clementine. Meteoritics & Planetary Science 34, 25-41. 
Turner, G., 1971. 40Ar-39Ar ages from the Lunar Maria. Earth and Planetary 
Science Letters 11, 169-191. 
Turner, G., Cadogan, P.H., 1975. The history of lunar bombardment inferred 
from 40Ar-39Ar dating of highland rocks, Lunar Science Conference 6th, pp. 
1509-1538. 
Turner, G., Cadogan, P.H., Yonge, C.J., 1973. Argon selenochronology, Fourth 
Lunar Science Conference, pp. 1889-1914. 
324 
Turner, G., Huneke, J.C., Podosek, F.A., Wasserburg, G.J., 1971. 40Ar-39Ar 
Ages and Cosmic-Ray Exposure Ages of Apollo 14 Samples. Earth and 
Planetary Science Letters 12, 19-35. 
USGS, 2012. USGS Website: 
http://crustal.usgs.gov/geochemical_reference_standards/. 
Vaniman, D.T., Papike, J.J., 1978. The lunar highland melt-rock suite. Geophys 
Res Lett 5, 8-10. 
Vaniman, D.T., Papike, J.J., 1980. Lunar highland melt rocks: Chemistry, 
petrology and silicate mineralogy, Lunar Highlands Crust, pp. 271-337. 
Vaughan, W.M., Head, J.W., 2013. Modeling the South Pole-Aitken basin 
subsurface, 44th Lunar and Planetary Science Conference. 
Vaughan, W.M., Head, J.W., Wilson, L., Hess, P.C., 2013. Geology and 
petrology of enormous volumes of impact melt on the Moon: A case study of the 
Orientale basin impact melt sea. Icarus 223, 749-765. 
Vermeesch, P., 2012. On the visulaitsation fo detrital age distributions. 
Chemical Geology 312-313, 190-194. 
Walker, D., Longhi, J., Grove, T.L., Stolper, E.H., J. F., 1973. Experimental 
petrology and origin of rocks from the Descartes Highlands, Fourth Lunar 
Science Conference, pp. 1013-1032. 
Walker, D., Longhi, J., Hays, J.F., 1972. Experimental petrology and origin of 
Fra Mauro rocks and soil, Third Lunar Science Conference, pp. 797-817. 
Walker, R.J., 2009. Highly siderophile elements in the Earth, Moon and Mars: 
Update and implications for planetary accretion and differentiation. Chemie der 
Erde 69, 101-125. 
Warner, J.L., Phinney, W.C., Bickel, C.E., Simonds, C.H., 1977. Feldspathic 
granulitic impactites and pre-final bombardment lunar evolution., 8th Lunar 
Science Conference, pp. 2051-2066. 
325 
Warren, P.H., Claeys, P., Cedillo-Pardo, E., 1996. Mega-impact melt petrology 
(Chicxulub, Sudbury, and the Moon): Effects of scale and other factors on 
potential for fractional crystallization and development of cumulates. Geological 
Society of America Special Paper 307, 105-124. 
Warren, P.H., Wasson, J.T., 1978. Compositional-petrographic investigation of 
pristine nonmare rocks, Nineth Lunar and Planetary Science Conference pp. 
185-217. 
Wieczorek, M.A., Neumann, G.A., Nimmo, F., Kiefer, W.S., Taylor, G.J., 
Melosh, H.J., Phillips, R.J., Solomon, S.C., Andrews-Hanna, J.C., Asmar, S.W., 
Konopliv, A.S., Lemoine, F.G., Smith, D.E., Watkins, M.M., Williams, J.G., 
Zuber, M.T., 2011. The Crust of the Moon as Seen by GRAIL. Science 339, 
671-675. 
Wieczorek, M.A., Neumann, G.A., Nimmo, F., Kiefer, W.S., Taylor, G.J., 
Melosh, H.J., Phillips, R.J., Solomon, S.C., Andrews-Hanna, J.C., Asmar, S.W., 
Konopliv, A.S., Lemoine, F.G., Smith, D.E., Watkins, M.M., Williams, J.G., 
Zuber, M.T., 2013. The Crust of the Moon as Seen by GRAIL. Science 339, 
671-675 (2013). 
Wiesmann, H., Hubbard, N.J., 1975. A compilation of the lunar sample data 
generated by the Gast, Nyquist and Hubbard PI-ships, 50 pp., Manned 
Spacecraft Center, Houston. 
Wilhelms, D.E., McCauley, J.F., Trask, N.J., Survey, G., 1987. The geologic 
history of the Moon. Moon. 
Wood, J.A., 1975. The nature and origin of boulder 1, station 2, Apollo 17. The 
Moon 14, 505-507. 
Yamashita, N., Hasebe, N., Reedy, R.C., Kobayashi, S., Karouji, Y., Hareyama, 
M., Shibamura, E., Kobayashi, M.N., Okudaira, O., d'Uston, C., Gasnault, O., 
Forni, O., Kim, K.J., 2010. Uranium on the Moon: Global distribution and U/Th 
ratio. Geophys Res Lett 37, 1-5. 
York, D., Kenyon, W.J., Doyle, R.J., 1972. 40Ar-39Ar ages of Apollo 14 and 15 
samples, Third Lunar Science Conference, pp. 1613-1622. 
326 
Zellner, N.E.B., Delano, J.W., 2015. 40Ar/39Ar ages of lunar impact glasses: 
Relationships among Ar diffusivity, chemical composition, shape, and size. 
Geochimica et Cosmochimica Acta 161, 203-218. 
 
  
327 
8. Appendices 
8.1.  Appendix I – Sample by sample chemical data set 
TABLE 8-1: ELEMENTAL CONCENTRATIONS (IN PPM) FOR THE SAMPLES 60625, 61015, 61016, 
61156, 62255, 62255 MG, 62295, 63355 AND 63549. LIGHT GREEN: FROM THE ICP-MS 
MEASUREMENTS OF S1 (SEE SECTION 3.1.1). ORANGE: FROM THE ICP-MS MEASUREMENTS OF 
S2 (SEE SECTION 3.1.1). LIGHT GREY: DATA WERE DISCARDED (SEE SECTION 3.1.3). * = 
AVERAGE OF TWO SEPARATE SOLUTIONS OF THE SAME SAMPLE  
Element 60625 61015 61016 61156* 62255 
62255 
MGM 
62295 63355 63549 
Li 13.0 14.1 7.0 11.5 14.6 15.0 11.7 17.1 5.3 
Na 4089 3830 3081 3630.5 4118 4941 3791 5669 4100 
Mg 61682 67122 65947 18740.6 70521 75326 90200 86284 27452 
Al 119569 111339 136208 160459.5 118791 124812 106949 134291 159439 
P 1005 595 571 159.6 1051 1373 660 1385 263 
K 1578 1916 619 635.9 1908 1752 741 1994 565 
Ca 97474 89445 104953 124031.6 94720 99207 86193 107774 122090 
Sc 11.2 12.1 7.2 8.0 12.5 11.7 10.6 13.4 8.0 
Ti 4925 5259 4744 2911.4 5553 5691 4226 7428 1844 
V 27.5 29.0 17.8 13.2 30.1 29.1 28.6 31.8 17.6 
Cr 1044 1102 621 438.1 1157 1245 1054 1433 657 
Mn 693 738 434 378.4 759 728 693 770 490 
Fe 50008 59891 38867 22366.5 57128 63938 49401 75654 33640 
Co 24.4 54.1 36.3 6.0 32.0 36.7 25.1 54.8 19.2 
Ni 393 863 489 35.8 481 549 324 821 208 
Cu 7 9 6 9.5 9 9 13 9 10 
Zn 6.6 9.0 4.5 3.4 9.1 8.0 19.4 10.9 3.8 
Ga 4.8 5.4 3.5 3.6 5.1 5.1 3.6 5.4 2.7 
Rb 5.2 5.8 1.9 1.7 5.8 5.6 5.6 6.6 1.8 
Sr 162.5 161.4 170.8 179.8 164.7 161.9 143.9 161.3 183.0 
Y 84 94 46 29.0 97 94 62 95 23 
Zr 380 426 222 115.0 440 429 276 430 98 
Nb 23.9 26.7 14.7 8.5 27.5 26.8 18.9 28.0 7.4 
Mo 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0 0.1 
Cd 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.0 
Sn 0.0 0.3 0.0 0.2 0.1 0.1 0.2 0.2 0.1 
Sb 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cs 0.2 0.2 0.1 0.1 0.3 0.2 0.5 0.3 0.1 
Ba 267 299 163 85.2 302 299 203 313 80 
La 27.5 30.9 15.5 8.8 31.5 31.2 19.7 31.1 6.9 
Ce 71.7 80.5 38.7 23.3 82.1 80.2 50.8 79.8 17.7 
Pr 9.9 11.1 5.6 3.2 11.3 11.2 7.0 11.1 2.5 
Nd 44.0 48.9 24.8 14.3 49.7 49.3 31.3 49.6 10.8 
Sm 12.4 13.8 6.9 4.1 14.0 13.9 8.8 13.9 3.1 
Eu 1.5 1.6 1.4 1.1 1.6 1.6 1.3 1.7 1.1 
Gd 14.3 15.7 7.9 4.7 16.2 16.0 10.1 15.9 3.6 
Tb 2.5 2.8 1.4 0.8 2.8 2.8 1.8 2.8 0.6 
Dy 15.5 17.1 8.3 5.1 17.5 17.2 11.1 17.4 4.0 
Ho 3.3 3.6 1.7 1.1 3.7 3.7 2.4 3.7 0.9 
Er 8.7 9.7 4.6 2.9 9.9 9.7 6.4 9.9 2.3 
Yb 8.1 9.0 4.3 2.7 9.1 9.3 6.1 9.5 2.3 
Lu 1.2 1.3 0.6 0.4 1.3 1.3 0.9 1.3 0.3 
Hf 8.3 9.4 4.8 2.3 9.5 9.5 6.2 9.7 2.2 
Ta 1.1 1.2 0.7 0.3 1.2 1.2 0.8 1.3 0.3 
Pb 2.0 2.9 0.9 0.7 2.6 2.5 1.7 3.3 0.6 
Th 4.4 4.9 2.2 1.2 5.0 4.9 3.4 5.2 1.2 
U 1.1 1.3 0.4 0.3 1.3 1.2 0.9 1.3 0.3 
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TABLE 8-2: ELEMENTAL CONCENTRATIONS (IN PPM) FOR THE SAMPLES 64475, 64476 LM, 
60315, 60335, 62235, 64476 DM, 64536, 64537 AND 64815. LIGHT GREEN: FROM THE ICP-MS 
MEASUREMENTS OF S1 (SEE SECTION 3.1.1). ORANGE: FROM THE ICP-MS MEASUREMENTS OF 
S2 (SEE SECTION 3.1.1). LIGHT GREY: DATA WERE DISCARDED (SEE SECTION 3.1.3). * = 
AVERAGE OF TWO SEPARATE SOLUTIONS OF THE SAME SAMPLE 
Element 64475 
64476 
LM* 
60315 60335 62235 
64476 
DM 
64536 64537 64815 
Li 11.4 11.0 23.2 9.2 22.9 8.2 9.3 12.6 19.1 
Na 3795 4028.2 4674 4578 3998 4060 3993 5307 3697 
Mg 63154 64218.1 80246 26780 61599 63012 65030 66940 72280 
Al 126712 116924.1 85615 159377 98348 123307 114690 118048 90762 
P 1348 1158.5 2201 1169 2465 1664 1556 1430 1172 
K 1243 1467.6 3116 1263 2795 1471 1425 1475 2280 
Ca 102341 92884.8 83546 120569 81514 98265 90114 94127 77739 
Sc 10.3 11.5 15.1 5.6 16.6 10.7 11.5 11.6 21.0 
Ti 4423 4995.4 7806 2298 7139 4836 5074 5259 10388 
V 25.0 27.2 36.6 13.6 34.0 26.5 28.0 28.3 42.4 
Cr 969 1110.0 1347 434 1181 982 1050 1089 1275 
Mn 650 697.2 915 370 877 675 714 716 957 
Fe 56072 57675.1 66479 29445 69521 55269 61843 60883 72531 
Co 58.3 52.3 46.3 35.5 50.5 47.2 69.2 51.0 41.2 
Ni 908 833.0 787 599 688 755 1111 824 525 
Cu 9 9.7 10 5 8 7 12 10 16 
Zn 12.1 9.4 7.0 1.8 5.8 11.9 11.8 8.7 11.2 
Ga 4.9 5.1 6.0 4.4 6.4 4.9 5.1 5.0 5.3 
Rb 4.7 4.7 10.7 4.0 9.4 4.8 4.6 4.5 7.3 
Sr 162.6 164.7 155.0 208.1 162.8 163.0 159.6 162.8 146.4 
Y 78 88.2 152 43 188 85 91 91 111 
Zr 346 400.1 722 194 888 382 411 412 506 
Nb 22.2 25.3 45.2 12.2 54.3 24.0 26.0 26.0 34.2 
Mo 0.1 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 
Cd 0.1 0.1 0.1 0.0 0.2 0.1 0.2 0.1 0.1 
Sn 0.4 0.1 0.0 0.0 0.0 0.1 0.1 0.1 0.1 
Sb 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cs 0.2 0.2 0.6 0.2 0.5 0.2 0.2 0.2 0.3 
Ba 246 278.2 500 140 598 266 284 289 375 
La 25.2 28.9 49.9 13.9 62.7 27.7 29.6 29.7 33.8 
Ce 64.2 74.5 128.3 35.6 161.9 71.5 77.3 77.7 88.1 
Pr 9.0 10.4 17.8 5.0 22.2 9.9 10.6 10.8 12.3 
Nd 40.3 45.9 78.7 22.0 98.3 44.2 46.9 48.0 54.6 
Sm 11.3 12.9 22.0 6.1 27.5 12.2 13.1 13.5 15.7 
Eu 1.5 1.6 2.0 1.3 2.1 1.5 1.6 1.6 1.8 
Gd 12.8 14.8 25.5 7.1 31.4 14.2 15.2 15.3 18.1 
Tb 2.3 2.6 4.4 1.2 5.6 2.5 2.6 2.7 3.2 
Dy 14.0 16.0 27.9 7.6 34.7 15.4 16.5 16.6 20.3 
Ho 3.0 3.4 6.0 1.6 7.5 3.3 3.5 3.5 4.4 
Er 7.9 9.1 15.9 4.4 19.7 8.8 9.3 9.3 11.6 
Yb 7.5 8.6 15.0 4.1 18.7 8.2 8.8 8.7 11.2 
Lu 1.1 1.2 2.1 0.6 2.6 1.2 1.2 1.2 1.6 
Hf 7.7 8.8 16.1 4.2 19.6 8.5 9.1 9.1 11.7 
Ta 1.0 1.1 2.0 0.5 2.4 1.1 1.2 1.2 1.6 
Pb 2.7 2.5 3.6 1.1 4.4 2.4 2.5 2.7 3.2 
Th 4.1 4.6 8.4 2.3 10.6 4.5 4.8 4.8 5.9 
U 1.0 1.2 2.2 0.6 2.5 1.1 1.2 1.2 1.5 
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TABLE 8-3: ELEMENTAL CONCENTRATIONS (IN PPM) FOR THE SAMPLES 65015, 65055, 65075, 
66095, 67095, 67235, 67935, 68415 AND 68416. LIGHT GREEN: FROM THE ICP-MS 
MEASUREMENTS OF S1 (SEE SECTION 3.1.1). ORANGE: FROM THE ICP-MS MEASUREMENTS OF 
S2 (SEE SECTION 3.1.1). LIGHT GREY: DATA WERE DISCARDED (SEE SECTION 3.1.3). * = 
AVERAGE OF TWO SEPARATE SOLUTIONS OF THE SAME SAMPLE 
Element 65015 65055 65075* 66095 67095 67235 67935 68415 68416 
Li 21.0 5.5 13.5 14.7 13.8 11.8 6.5 5.1 21.0 
Na 3671 3671 4530.1 4053 3442 4354 5362 5598 3671 
Mg 57153 27103 52883.9 60796 69811 66756 26642 26425 57153 
Al 102302 151655 120111.4 107302 112043 116479 144701 145433 102302 
P 1789 -322 3351.5 248 794 631 203 181 1789 
K 2544 571 2475.9 2138 1992 1674 606 604 2544 
Ca 83211 117850 94145.1 84032 90931 94168 114590 114618 83211 
Sc 14.5 8.3 9.4 9.2 13.2 10.8 9.3 8.8 14.5 
Ti 6114 1849 4133.8 3887 5699 5033 1890 1889 6114 
V 31.6 17.6 24.3 24.2 31.3 26.6 19.4 18.8 31.6 
Cr 1106 576 936.8 684 1273 957 649 583 1106 
Mn 787 486 600.3 632 784 690 451 499 787 
Fe 64396 32756 57144.5 36512 57034 51706 32976 31910 64396 
Co 44.5 17.4 73.4 9.6 34.0 34.5 15.5 15.1 44.5 
Ni 782 169 1445.0 145 588 549 158 150 782 
Cu 9 3 14.1 7 9 8 4 4 9 
Zn 4.7 0.9 6.1 8.3 25.6 15.4 6.6 1.7 4.7 
Ga 5.6 2.7 5.2 3.6 5.2 4.5 3.0 3.0 5.6 
Rb 8.6 1.8 8.7 6.9 6.7 6.6 1.9 1.9 8.6 
Sr 162.8 184.3 157.0 160.8 161.5 170.6 193.4 190.4 162.8 
Y 152 23 84.8 67 96 68 26 24 152 
Zr 733 101 394.7 313 435 308 111 108 733 
Nb 44.4 6.7 24.4 19.9 27.9 20.6 7.3 7.0 44.4 
Mo 0.0 0.0 0.1 0.1 0.6 0.2 0.1 0.0 0.0 
Cd 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.1 
Sn 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
Sb 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 
Cs 0.5 0.1 0.4 0.3 0.2 0.3 0.1 0.1 0.5 
Ba 500 81 268.3 227 311 229 87 86 500 
La 49.9 7.0 27.5 21.7 31.1 21.6 7.7 7.4 49.9 
Ce 130.5 18.2 71.5 57.2 81.2 57.1 20.1 19.3 130.5 
Pr 17.9 2.5 9.9 7.8 11.2 7.8 2.7 2.6 17.9 
Nd 78.9 11.1 43.7 34.2 49.6 34.5 12.2 11.8 78.9 
Sm 22.3 3.2 12.3 9.6 13.8 9.7 3.5 3.3 22.3 
Eu 1.9 1.1 1.4 1.4 1.6 1.5 1.2 1.1 1.9 
Gd 25.0 3.6 14.1 11.1 16.0 11.2 4.0 3.9 25.0 
Tb 4.4 0.6 2.5 1.9 2.8 1.9 0.7 0.7 4.4 
Dy 27.6 4.1 15.3 12.1 17.5 12.2 4.5 4.4 27.6 
Ho 5.9 0.9 3.3 2.5 3.7 2.6 1.0 0.9 5.9 
Er 15.5 2.3 8.6 6.9 9.9 6.9 2.6 2.5 15.5 
Yb 14.7 2.3 8.1 6.5 9.4 6.6 2.5 2.4 14.7 
Lu 2.1 0.3 1.1 0.9 1.3 0.9 0.4 0.3 2.1 
Hf 16.1 2.2 8.7 6.8 9.6 6.8 2.4 2.4 16.1 
Ta 1.9 0.3 1.1 0.9 1.3 0.9 0.3 0.3 1.9 
Pb 3.4 0.6 2.4 2.1 2.5 2.1 0.7 0.7 3.4 
Th 8.2 1.3 4.5 3.6 5.2 3.6 1.3 1.3 8.2 
U 2.0 0.3 1.3 1.1 1.4 1.0 0.3 0.3 2.0 
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TABLE 8-4: ELEMENTAL CONCENTRATIONS (IN PPM) FOR THE SAMPLES 72215, 72235, 72255, 
72275, 73235, 76055A, 76055B, 76235, 77035 M. LIGHT GREEN: FROM THE ICP-MS 
MEASUREMENTS OF S1 (SEE SECTION 3.1.1). ORANGE: FROM THE ICP-MS MEASUREMENTS OF 
S2 (SEE SECTION 3.1.1). LIGHT GREY: DATA WERE DISCARDED (SEE SECTION 3.1.3). * = 
AVERAGE OF TWO SEPARATE SOLUTIONS OF THE SAME SAMPLE 
Element 72215 * 72235 72255 72275 73235*  76055-A 76055-B 76235 77035-M 
Li 15.4 15.1 14.9 16.2 13.4 12.9 13.5 11.4 18.3 
Na 4026.8 3395 3385 3580 3906.9 3943 4493 3523 4830 
Mg 62662.6 63706 61509 52561 63863.9 99794 98112 45773 71991 
Al 104380.7 104794 104644 93037 112655.4 83116 81419 137888 91252 
P 1075.3 1563 1102 1623 768.4 938 972 50 649 
K 1983.2 1959 1902 2034 1562.6 1412 1867 397 2902 
Ca 85843.3 85623 84378 80342 88741.0 66892 65297 105942 74164 
Sc 19.4 19.3 17.1 26.0 14.4 13.3 14.0 7.6 15.8 
Ti 4289.9 4370 4244 4773 3696.6 6796 7574 1195 7901 
V 51.9 47.5 44.4 57.4 41.7 31.5 31.1 18.2 33.6 
Cr 1534.2 1389 1349 1535 1273.2 1313 1242 638 1117 
Mn 906.1 908 838 1111 738.7 847 874 469 872 
Fe 63040.1 62491 58572 72418 52320.0 68292 70163 38766 62082 
Co 26.5 24.7 24.9 25.9 25.9 40.2 43.1 31.5 16.3 
Ni 157.9 151 160 132 147.5 396 451 411 126 
Cu 5.1 5 4 5 4.5 7 7 4 7 
Zn 6.4 6.2 5.8 6.6 5.8 7.7 8.3 2.8 9.0 
Ga 4.5 4.3 4.2 4.7 4.2 3.9 4.2 4.2 5.0 
Rb 6.1 6.5 6.2 6.5 4.9 3.2 5.5 0.4 9.5 
Sr 143.5 140.5 140.4 135.8 150.5 149.7 155.3 138.4 176.0 
Y 95.0 90 87 118 75.1 61 75 12 96 
Zr 411.1 371 385 521 344.1 272 342 47 434 
Nb 27.9 27.5 25.2 33.8 21.4 20.0 26.8 4.1 31.8 
Mo 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
Cd 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.1 
Sn 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 
Sb 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cs 0.3 0.3 0.2 0.3 0.2 0.1 0.1 0.0 0.3 
Ba 340.2 313 303 385 259.1 236 270 48 361 
La 30.5 28.6 27.3 38.6 23.7 17.6 22.1 3.2 28.9 
Ce 79.1 74.5 71.7 102.0 61.4 46.1 57.6 8.3 74.6 
Pr 10.9 10.3 9.9 14.0 8.4 6.4 7.9 1.1 10.4 
Nd 47.6 45.0 43.1 61.9 36.8 28.1 35.1 4.9 45.6 
Sm 13.4 12.8 12.1 17.4 10.4 8.1 9.9 1.4 13.0 
Eu 1.5 1.4 1.4 1.5 1.4 1.6 1.7 0.8 2.0 
Gd 15.4 14.7 14.1 19.8 12.0 9.4 11.6 1.7 15.1 
Tb 2.7 2.6 2.5 3.5 2.1 1.7 2.1 0.3 2.7 
Dy 17.1 16.3 15.7 21.6 13.3 10.6 13.1 2.0 17.0 
Ho 3.7 3.4 3.3 4.6 2.8 2.3 2.9 0.5 3.7 
Er 9.9 9.4 9.0 12.1 7.7 6.3 7.8 1.3 10.0 
Yb 9.4 8.8 8.7 11.2 7.3 6.2 7.6 1.3 9.7 
Lu 1.3 1.2 1.2 1.6 1.0 0.9 1.1 0.2 1.4 
Hf 9.1 8.2 8.5 11.4 7.6 6.1 7.7 1.1 9.9 
Ta 1.2 1.2 1.1 1.5 1.0 0.9 1.3 0.2 1.5 
Pb 3.1 2.7 2.6 3.1 2.4 1.4 1.8 0.6 2.7 
Th 5.3 5.2 4.9 6.1 4.1 2.9 3.9 1.0 5.5 
U 1.4 1.3 1.3 1.5 1.1 0.8 1.0 0.3 1.4 
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TABLE 8-5: ELEMENTAL CONCENTRATIONS (IN PPM) FOR THE SAMPLES 77035 C, 78155 AND 
14310. LIGHT GREEN: FROM THE ICP-MS MEASUREMENTS OF S1 (SEE SECTION 3.1.1). ORANGE: 
FROM THE ICP-MS MEASUREMENTS OF S2 (SEE SECTION 3.1.1). LIGHT GREY: DATA WERE 
DISCARDED (SEE SECTION 3.1.3). * = AVERAGE OF TWO SEPARATE SOLUTIONS OF THE SAME 
SAMPLE 
 
  
Element 77035-C 78155* 14310 
Li 15.5 6.1 27.7 
Na 3017 2734.7 5409 
Mg 61122 38134.7 42046 
Al 107759 133855.9 101755 
P -238 -446.8 2960 
K 757 647.8 4058 
Ca 81356 106063.5 82674 
Sc 9.4 13.6 19.2 
Ti 1012 1599.8 7036 
V 53.4 33.9 28.9 
Cr 1564 916.4 1033 
Mn 703 654.8 829 
Fe 38067 41698.1 58566 
Co 18.2 16.9 21.1 
Ni 12 89.7 155 
Cu 2 3.6 6 
Zn 3.9 4.3 6.9 
Ga 3.6 3.3 5.3 
Rb 3.5 2.2 13.5 
Sr 131.6 149.9 186.3 
Y 20 16.0 180 
Zr 66 60.3 879 
Nb 3.2 5.2 58.8 
Mo 0.0 0.0 0.0 
Cd 0.0 0.0 0.2 
Sn 0.0 0.0 0.0 
Sb 0.0 0.0 0.0 
Cs 0.3 0.1 0.6 
Ba 99 63.4 679 
La 6.3 4.3 59.3 
Ce 15.8 10.9 151.5 
Pr 2.1 1.5 20.7 
Nd 9.2 6.5 90.2 
Sm 2.6 1.9 25.5 
Eu 1.1 0.9 2.2 
Gd 3.0 2.2 28.9 
Tb 0.5 0.4 5.3 
Dy 3.5 2.7 32.7 
Ho 0.8 0.6 7.0 
Er 2.1 1.7 19.0 
Yb 2.2 1.8 18.3 
Lu 0.3 0.3 2.5 
Hf 1.5 1.4 19.6 
Ta 0.2 0.3 2.6 
Pb 0.6 0.9 6.0 
Th 1.3 1.0 11.5 
U 0.3 0.3 3.1 
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8.2.  Appendix II – Recalculated major and trace element data set of 
Norman et al. (2002) 
TABLE 8-6: ELEMENTAL CONCENTRATIONS (IN PPM) FROM NORMAN ET AL. (2002) RECALCULATED 
TO THE BHVO-2 CALIBRATION STANDARD VALUES USED IN THIS STUDY (SEE SECTION 3.1.1). 
Element 72315 72395 72539 73155 73275 76015 76295 76315 77075 
Li 18.1 22.5 19.0 22.7 17.1 20.2 20.7 16.8 20.0 
Sc 18.1 21.2 18.4 19.6 18.0 17.6 18.7 17.8 17.2 
Ti 8365 8778 9851 9894 8482 9538 8873 9423 9217 
V 40.1 49.0 40.1 40.5 45.0 38.3 39.6 39.2 39.2 
Cr 1273 1429 1294 1292 1397 1258 1284 1290 1312 
Mn 887 1015 917 946 911 906 941 921 917 
Co 25.1 25.3 30.6 30.7 26.7 22.9 26.4 35.8 25.4 
Ni 213 181 274 276 214 190 208 340 211 
Cu 10.4 14.2 12.8 11.4 13.8 11.4 10.9 12.3 12.8 
Zn 13.0 13.5 15.0 15.0 13.5 15.0 14.0 14.0 14.5 
Ga 5.20 4.70 5.00 5.05 4.75 5.20 5.25 4.80 5.10 
Rb 11.6 6.7 5.4 9.1 6.7 7.2 7.5 3.2 8.8 
Sr 180 175 184 177 169 194 185 183 186 
Y 99.2 90.7 104.9 132.5 94.3 109.4 117.8 99.6 104.0 
Zr 460 419 486 610 469 518 571 473 493 
Nb 33.8 29.3 32.2 41.5 30.9 34.6 36.3 31.8 33.4 
Cs 0.57 0.22 0.27 0.37 0.26 0.26 0.29 0.12 0.29 
Ba 374 313 327 392 328 344 378 320 327 
La 27.2 24.7 29.7 38.0 27.0 29.8 33.3 28.8 29.2 
Ce 68.8 64.8 76.8 97.5 68.0 77.5 84.7 75.0 75.7 
Pr 9.84 9.12 10.98 13.94 9.92 10.98 12.26 10.70 10.74 
Nd 42.8 40.4 48.6 61.0 43.7 48.5 53.8 47.3 47.3 
Sm 12.2 11.6 13.8 17.1 12.4 13.8 15.3 13.5 13.5 
Eu 1.8 1.7 1.8 1.8 1.7 1.9 1.8 1.9 1.9 
Gd 13.7 13.1 15.4 18.8 13.9 15.4 16.9 14.9 14.9 
Tb 2.46 2.32 2.71 3.33 2.46 2.72 3.00 2.63 2.64 
Dy 15.8 14.8 17.0 20.9 15.7 17.1 19.0 16.6 16.6 
Ho 3.47 3.23 3.67 4.47 3.40 3.71 4.10 3.60 3.59 
Er 9.36 8.60 9.78 11.87 9.11 9.88 11.02 9.56 9.61 
Yb 9.34 8.27 9.33 11.31 8.80 9.47 10.55 9.12 9.20 
Lu 1.36 1.19 1.35 1.63 1.28 1.38 1.53 1.34 1.33 
Hf 9.74 8.84 10.16 12.64 9.94 10.57 11.85 10.10 10.20 
Ta 1.50 1.28 1.45 1.83 1.38 1.53 1.61 1.45 1.48 
Th 6.29 4.88 5.43 7.94 5.74 5.65 6.47 5.22 5.40 
U 1.70 1.31 1.40 2.04 1.60 1.50 1.68 1.34 1.43 
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TABLE 8-7: ELEMENTAL CONCENTRATIONS (IN PPM) FROM NORMAN ET AL. (2002) RECALCULATED 
TO THE BHVO-2 CALIBRATION STANDARD VALUES USED IN THIS STUDY (SEE SECTION 3.1.1). 
Element 77135 77539 77035 
Li 19.4 19.9 19.9 
Sc 17.4 16.8 13.4 
Ti 9425 9042 5387 
V 37.9 37.4 43.2 
Cr 1291 1252 1534 
Mn 888 893 854 
Co 17.5 23.2 34.6 
Ni 127 182 294 
Cu 18.0 10.4 14.7 
Zn 14.5 13.0 9.0 
Ga 5.25 4.80 3.55 
Rb 7.1 6.4 4.4 
Sr 197 187 141 
Y 104 98.7 66.7 
Zr 506 471 306 
Nb 34.8 31.6 21.8 
Cs 0.28 0.24 0.18 
Ba 339 312 200 
La 30.1 27.3 17.8 
Ce 75.0 71.2 46.5 
Pr 11.11 10.05 6.42 
Nd 48.8 44.5 28.3 
Sm 13.8 12.6 8.1 
Eu 1.9 1.8 1.2 
Gd 15.4 14.1 9.2 
Tb 2.73 2.50 1.63 
Dy 17.2 15.8 10.5 
Ho 3.71 3.42 2.28 
Er 9.89 9.15 6.12 
Yb 9.51 8.74 5.86 
Lu 1.37 1.27 0.85 
Hf 10.50 9.79 6.25 
Ta 1.51 1.41 0.92 
Th 5.81 5.06 3.58 
U 1.54 1.34 0.94 
 
